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ABSTRACT
►-k*-'-e>~nr-v-r<—«l-v m '"a
Ciystal damage produced by ion inplantation in (110) cut gallium 
arsenide single crystals has been investigated using X-ray diffraction, 
reflection high energy electron diffraction (RHEED) and electron 
microscopy* Various ions were employed. Post/bombardment annealing 
was carried out to remove damage from the crystals. Damage-depth 
profiles of tellurium and cadmium, and room temperature implanted 
specimens were measured. Annealing of these specimens without 
protection was carried out to study damage removal. The results proved 
to be very complicated, including the decomposition of the gallium 
arsenide, the formation of beta gallium oxide and gallium telluride, 
and the occurrence of preferred orientation and twinning in gallium 
arsenide* Comparisons were made with the annealing behaviour of 
ball-milled gallium arsenide using X-ray diffraction line broadening, 
The effects of various types of mechanical damage associated with 
specimen polishing of the gallium arsenide single crystals were also 
examined.
Damage of single crystal gallium arsenide due to tellurium 
implantation at high temperature was studied using RHEED, The 
changes in the effects of annealing behaviour of implanted specimens 
witli protective layers of silicon nitride, aluminium and native oxides 
were also studied. The observations obtained from RHEED were found to 
be in agreement with those from Rutherford Back Scattering (RBS) 
experiments. The formation of the dislocation loops of tellurium and 
tin implanted specimens were studied using transmission electron 
microscopy (TEM) . Some correlations of defects with the electrical 
properties of the implanted layers were described,
Some work was also carried out using mainly X-ray diffraction 
methods. to study damage due to nitrogen implantation into sputtered 
tantalum thin films (500 $), The effects of post-bombardment 
annealing were investigated* . After implantation, tantalum nitride 
(TaN) was formed. This recrystallised with increasing annealing 
temperatures. The formation of TaN was associated with changes in 
resistivity of the tantalum film.
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CHAPTER 1
Literature survey
lel Ion implantation
1,1,1 History
Doping semiconductors by using energetic beams of electrons or 
ions has been widely studied in the past ten years. This method is 
believed to have several advantages over the conventional photo­
lithographic method, which uses heat to produce the diffusion of the 
ions. Among the most important of the advantages are: the ability to 
control the precise amount of the dopants (i.e. doses) ; control of the 
geometry of doping profile by masking the.target and modulating the 
energy aid current of the ion beans; and the avoidance of undesirable 
effects that accompany the heat diffusion process. In the last five 
years ion implantation has been used as a. manufacturing process in 
the production of certain types of integrated circuits, aid it is 
likely that this technique will soon replace the conventional methods 
of semiconductor device maiufacture,
The idea of doping semiconductors by ion inplantation was first 
suggested by Shockley in 1954. Later in 1960, work associated with 
the penetration of heavy ions in solids was carried out at Chalk 
River, Oak Ridge and Harwell. The range-energy results obtained from 
Davies and his Chalk River group agreed well with calculated values of 
Lindhard and his colleagues at. Aarhus in Denmark, The prediction of . 
channelling effects by Robinson and Oen at Oak Ridge in 1961, was 
supported by the experiments at Chalk River and Harwell; the range 
measurements also agreed well with Lindhard’s values.
Work began to grow in 1962 at many research laboi'atories in the 
USA* The most active group was Ion Physics, who made solar cells 
and junction counters*
In the United Kingdom, work on ion implantation to produce doping
of semiconductors started in 1964, at SERL, using simple ion accelerators
to make zinc selenide (Zn Se) into a p-type semiconductor* Since 1964
the development of research work grew, quickly in a number of academe
and industrial centres throughout the world. The main materials
formerly used as the substrates were silicon (Si), germanium (Ge). .■
2Gibbons et al, in 1965, started to use gallium arsenide (GaAs), cadmium 
sulphide (CdS), zinc sulphide (ZnS) and silicon (Si) as the substrates, 
with neodymium (Nd) and thulium (Tm) as the implanted ions. Later, 
most of the work was concentrated on GaAs, as it is the compound 
commonly used in technologies, such as the production of Gunn diodes, 
IMPATT diodes and lasers. GaAs is the most important compound semi­
conductor. It has many advantages over silicon, such as higher mobility, 
and has the possibility of forming devices, for example,> Gunn diodes 
which can not be realised with silicon. Groups III - V compounds can- X  * / ..
also be used to make light emitting diodes (LED), These emit light 
in various parts of the spectrum, for example, GaAs-P emits red light 
whilst GaAs emits infrared light.
The main interest at present is in electronic devices, in which
the controllability of the production process is important. The
Science Research Council has formed a special panel to help support
3the ion implantation research;'at three university centres. At Surrey 
work is proceeding into the controlled implantation of various ions, 
such as cadmium (Cd), argon (Ar) (Bicknell et al),4 tellurium (Te)
r  f.
(Sealy) , selenium (Se) and tin (Sn) in GaAs , and also the resultant 
properties of the implanted materials.
Mien the energetic ions from the accelerator are injected into 
a target material, they undergo violent collisions with the atoms of 
the target} thereby displacing them from lattice sites• These 
displaced atoms can in turn displace others , finally producing 
vacancies and interstitial atoms« The net result is the production 
of a highly disordered region around the path of the ions e Hie 
penetration of the ions depends on their energies , which- they lose 
during collisions. The depth distribution of these ions, or the 
doping profile, depends on the direction of the beam with respect to 
the target material. If 'the target is made of amorphous material, 
tlie atoms are displaced from their positions randomly and the 
distribution of the ions is approximately Gaussian, The projected 
range (Rp » distance that most of the ions penetrate perpendicular 
to the surface) can be calculated using Lindhard's theory.
If the direction of the ions is along the <110> or <100> 
directions of the single crystal target, 'channelling1 of the ions 
occurs, i.e. the ions channel between the lattice rows, and finally 
come to stop abruptly at a considerable depth in the target. The 
surface is less damaged,and the shape of the profile is shown in 
Fig. 1.1.
Mien the incident beam hits the target surface, according to 
Lindhard, with the part of the beam that travels near the lattice 
atoms some interactions occur, and these ions lose their direction 
but still enter the target; this is called random beam interaction, 
The part that• channels down the -lattice rows may be scattered out of 
the preferred direction, and this is known as ’dechannelling'.
161,2 Ion distribution
CO
NC
EN
TR
AT
ION
-L 1 Range distribution of the ions along the 
<100>, <111> and <110> directions in the crystal
Another fraction of the beam may remain channelled until the 
particles come to rest (McCaldin,7 Gibbons,0 Mayer'and Marsh9) ,
In Fig. 1.1 there are two distinct peaks. The ‘first one near 
the surface is due to the random beam having a Gaussian range 
distribution, from which their Rp can be determined like that of an 
amorphous target material. The middle part is due to ’dechannelling* 
and the last peak is due to ’channelling’.
In practice, the channelling effect is hard to obtain, as the 
alignment of the instruments is always off by 0.1 - 0,5 degrees. .At 
Surrey, most of the work is concentrated on the production of p-type 
or n-type layers near the surface. The ion beam is aligned 7° off 
the direction normal to the surface <110> of GaAs so that collisions 
occur and the distribution is solely Gaussian, Their projected range 
was calculated by Lindhard, Scharff and Schiott.
1.1.3 The removal of the radiation' damage
As mentioned before, the disordered region is produced around 
the ion paths, but if the dose is high enough (more than 5 x 1013 ions/cm2 
for GaAs) the disordered regions then overlap and become heavily 
damaged. Therefore, the damage is directly proportional to the dose 
and the distribution of the ions in the target. The mass and the 
energy of the ions also affect the damage curves. Hie heavier mass 
ions obviously produce more collisions, more damage and probably more 
penetration. The ions which possess higher .energy can penetrate more 
deeply than those of the lower energy. Thus, the damage peaks of the 
lower energy ions are expected closer to the surface than the peaks 
from higher energy ions of the sane dose.
The radiation damage produced, by implantation disturbs the 
electrical characteristics of the implanted layers. Annealing 
procedures are required to restore the crystal perfection. The major 
part of the damage can be removed by annealing at 300°C for Si and 
GaAs and at 200°C for Ge. All the damage can be annealed out at 
600°C for Si, 400°C for Ge and 700°C for GaAs. However, removal of 
tlie damage by annealing for GaAs is complicated by oxidation and 
possible out-diffusion of arsenic and the dopants.
1 !Mazey and Nelson /in 1969, suggested that to prevent oxidation,, 
the implanted GaAs should be annealed in an inert gas such as 
nitrogen or argon, and to prevent the out-dif fusion of dopant the 
specimens should be annealed with silicon di-oxide coatings.
The formation of an amorphous layer can be prevented by use of
heated substrates (more than 150°C, later called ’’Hot implantation”),
1 2as reported by Harris et al in 1972. At these temperatures the 
lattice disorder around each, ion track can be removed before the next 
ion strikes in the disordered region. Harris also reported coating 
tellurium implanted GaAs at room temperature with silicon di-oxide 
(Si02) or silicon nitride (Si3Nu) and annealing at 750°C. Bell et al^ 8 
also studied heat treatment of tellurium implanted GaAs. To prevent 
dissociation and oxidation, the specimens were annealed at 750°C coated 
with the encapsulators Si02 and SijN^ . They found that Si3N4 was a 
better encapsulator than Si02.
1*2 'Etching techniques for GaAs
To study the properties of the various layers of the implanted 
materials, thin layers need to.be evenly removed prior to each 
investigation without damaging the crystal underneath. In specimen
p r e p a r a t i o n  p r i o r  t o  i m p l a n t a t i o n ,  a l l  m e c h a n ic a l  d a m a g e  m u s t  b e  
e t c h e d  o f f  s o  t h a t  g o o d  s i n g l e  c r y s t a l  m a t e r i a l  i s  o b t a i n e d .  T h e r e ­
f o r e ,  e t c h i n g  t e c h n iq u e s  f o r  t h i s  p u r p o s e  m u s t  le a v e  n o  d a m a g e  a f t e r  
r e m o v in g  s o m e  m a t e r i a l .  M a n y  e t c h i n g  t e c h n iq u e s  h a v e  b e e n  a p p l i e d  
o n  G a A s , b u t  c h e m ic a l  e t c h  s e e m s  t o  b e  e a s i e r  a n d  m o re  s u i t a b l e  f o r  
u s e ,
G a A s , a  I I I  -  V  c o m p o u n d ,  i s  a  g r e y i s h  c o l o u r  m a t e r i a l  w i t h  a  
m e t a l l i c  l u s t r e .  I t  i s  b r i t t l e ,  w i t h  a  d e n s i t y  o f  5 . 3  g m /m l a n d  a  
m e l t i n g  p o i n t  o f  1 2 4 0 o C „ T h e  s t r u c t u r e  h a s  c o v a l e n t  b o n d in g  a n d  
c r y s t a l l i s e s  i n  t h e  f a c e  c e n t r e d  c u b i c  l a t t i c e ,  h a v i n g  a  z in c b le n d e  
s t i n c t u r e ,  b e l o n g i n g  t o  t h e  s p a c e  g r o u p  F 4 3 m ; t h e  l a t t i c e  p a r a m e t e r  
i s  5 , 6 5 3 4  S i n g l e  c r y s t a l s  f o r  s e m ic o n d u c t o r s  a r e  g r o w n  u s i n g ,  
C z o c h r a l s l c i  t e c h n iq u e .  T h e  d i s l o c a t i o n  d e n s i t y  i s  i n  t h e  r a n g e  o f  
l C r i - 1 0 5 l i n e s / c m 2 f o r  t h e  b u l k  g r o w n  m a t e r i a l .
A s  t h e  [ i l l ]  d i r e c t i o n  i s  t h e  p o l a r  a x i s ,  t h e  o p p o s i t e  d i r e c t i o n  
i s  n o t  e q u i v a l e n t ,  t h u s  ’t h e  e t c h i n g  s o l u t i o n  a t t a c k s  t h e  ( 1 1 1 )  a n d  
( 1 1 1 )  f a c e s  u n e q u a l l y ,  R i c h a r d s  a n d  C r o c k e r 1 4  i n  1 9 6 0  u s e d  t h i s  f a c t  
t o  s t u d y  t h e  s h a p e  o f  e t d i  p i t s  a n d  d i s l o c a t i o n s  i n  ( 1 1 1 )  a n d  ( 1 1 1 )  
f a c e s  o f  s i n g l e  c r y s t a l  G a A s , M a n y  s o l u t i o n s ,  s u c h  as  1HN0 3 + 3H 20 , 
1H F  + 1 H 2 0  a n d  1 H F  +  1 HN0 3 + 1 H 20  w e r e  a p p l i e d ,  T h e  s p e c im e n s  w e r e  
v ie w e d  u n d e r  a n  o p t i c a l  m ic r o s c o p e .  H ie  r a t e  o f  a t t a c k  o f  1H F  +  1HN0 3 
w a s  f o u n d  t o  b e  s lo w e d  d o w n  b y  a d d in g  m e t a l l i c  s i l v e r  (A g )  ,
1 5
P e t r u s e v i c h  a n d  S o l l e r t i n s k a y a  i n  1 9 6 3  p e r f o r m e d  t h e  
e x p e r im e n t s  s i m i l a r  t o  t h o s e  o f  R ic h a r d s  a n d  C r o c k e r ,  T h e  e t c h a n t s  
u s e d  w e r e  1 H F  + 3 HN0 3 + 2H 20 ,  1HN0 3 + 3H 20 , 3H 2S0 q + 1 H 20 2 + 1 H 20  a n d  
1 H F  + 1 H 20 2 + 2H 20 . T h e y  a l s o  s u g g e s t e d  t h a t  a d d in g  A gN 0 3 0 . 5 % w o u ld  
im p r o v e  t h e  r e s u l t s .
M e ie r a n  i n  1 9 6 5  d e v e lo p e d  t h e  m e th o d  o f  t h i n n i n g . G aAs w a f e r  - 
f o r  T r a n s m i s s i o n  E l e c t r o n  M ic r o s c o p y  (T E M ) .  A  c o m b in a t i o n  o f  
c h e m ic a l  a n d  e l e c t r o l y t i c  p o l i s h i n g  w a s  e m p lo y e d .  T h e  r e s u l t s  w e r e  
f o u n d  t o  b e  s u c c e s s f u l ,  a n d  t h e  t e c h n iq u e s  w e r e  f i n a l l y  d e v e lo p e d  
a n d  c a l l e d  " J e t  E t c h i n g " .  T h e  e t c h a n t  u s e d  w a s  1 5 % o f  b r o m in e  i n  
m e t h a n o l .  H ie  s p e c im e n s  w e r e  f i r s t  c u t  i n t o  2 - 3  mm d i a m e t e r  d i s c s  
b y  an. u l t r a s o n i c  d r i l l .  T h e  m e th o d  o f  t h i n n i n g  w i l l  b e  d e s c r i b e d  i n  
m o re  d e t a i l  i n  a  l a t e r  c h a p t e r .
1 7
H i l l  e t  a l  i n  1 9 6 8  d e v e lo p e d  t h e  m e th o d  o f  M e ie r a n  f u r t h e r ,  
u s i n g  a  p h o t o m u l t i p l i e r  s y s t e m  t o  s t o p  t h e  e t c h i n g  a c t i o n  w h e n  t h e  
s p e c im e n  w a s  t h i n  e n o u g h  t o  b e  e x a m in e d  b y  T E M ,
1 8
V i b r a t o r y  p o l i s h i n g  w a s  i n t r o d u c e d  b y  W h i t  t o n  i n  1 9 6 9 , w h o  
c l a im e d  t h a t  a  t h i n  l a y e r  o f  G aA s a b o u t  2 0  X  c o u l d  b e  e tc h e c L  o f f ,
. b u t  t h i s  m e th o d  m a y  le a v e  t h e  s u r f a c e  c o l d - w o r k e d ,
19
G r a v e n o r  i n  1 9 7 1  w a s  t h e  f i r s t  p e r s o n  t o  s t u d y  t h e  im p la n t e d  
G aAs u s i n g  RH EED , H e  u s e d  a h  e t c h a n t  c o n s i s t i n g  o f  1 H F  + 3HN0 3+ 2H 2 0  
o f  P e t r u s e v i c h  a n d  S o l l e r t i n s k a y a  t o  p r e p a r e  G aAs f o r  i n v e s t i g a t i o n .  
T h i s  s o l u t i o n  w a s  f o u n d  t o  b e  t o o  f a s t  i n  a c t i o n ,  s o  t h a t  A gN 0 3 w a s
a d d e d .  H o w e v e r ,  a  l a y e r  o f  s i l v e r  w a s  f o u n d  o n  t h e  s u r f a c e  o f  t h e
20 - 
i m p la n t e d  G a A s , l i d a  a n d  I t o  i n  1 9 7 1  a l s o  r e p o r t e d  o n  t h e  e t c h i n g
b e h a v io u r  o f  t h e  c o m b in a t i o n  o f  H 2 S0 i t ,  H 20 2 a n d  H 2 0  o n  G a A s . T h e y
f o u n d  t h a t  t h e  s u r f a c e  w a s  e t c h e d  e v e n l y  i f  t h e  s o l u t i o n  c o n s i s t e d  o f
h i g h  I I 20 2 o r  H 2S0 i} . c o n c e n t r a t i o n .
21
A da m s a n d  P r u n ia u x  i n  1 9 7 3  s t u d i e d  t h e  m o s t  r e l i a b l e  w a y  t o  
c le a n .  G aAs s i n g l e  c r y s t a l  a f t e r  e t c h i n g .  A n  i n v e s t i g a t i o n  a f t e r  
e t c h i n g  a n d  c l e a n i n g  w a s  m ad e  b y  u s i n g  e l l i p s o m e t r y . H ie y  f o u n d  t h a t  
e v e r y  s o l u t i o n  l e f t  a  t h i n  f i l m  l a y e r ,  w i t h  t h i c k n e s s e s  u p  t o  3 0  X ,  '
1 c
C le a n in g ,  b y  c o n c e n t r a t e d  h y d r o c h l o r i c ' a c i d  (HCJt )  a n d  r i n s i n g  w i t h  
w a t e r  a n d  m e t h a n o l  s e e m e d  t o  g i v e  t h e  t h i n n e s t  c o n t a m in a t i o n  f i l m ,  
a b o u t  1 2 “  1 4  X  i n  d e p t h .
3
A t  t h e  U n i v e r s i t y  o f  S u r r e y ,  H e m m e n t a n d  w o r k e r s  d e v e lo p e d  t h e  
c o m b in a t i o n  o f  H 2S0 i* ,  H 20 2 a n d  H 2 0  f o r  e t c h i n g  o f  im p la n t e d  G a A s ,
T h e y  f i n a l l y  f o u n d  t h a t  l H 2S0 b + 1 H 20 2 + 2 5 0 H 2 0  e t c h e d  G aAs e v e n l y ,  
t h e  e t c h  r a t e  b e i n g  1 6 0  X / m in ,  T h e  r e s u l t s  w e r e  f o u n d  t o  b e  
s u c c e s s f u l ,  a n d  t h i s  s o l u t i o n  i s  s t i l l  b e i n g  u s e d ,
1 .  3  M e th o d s  o f  i n v e s t i g a t i o n  o f  Ga A s
G aAs i s  w i d e l y  u s e d  f o r  m a k in g  e l e c t r o n i c  d e v ic e s  a n d  m a n y  
i n v e s t i g a t i o n s  h a v e  b e e n  c o n d u c t e d  i n t o  t h e  p r o p e r t i e s  o f  G aA s a f t e r  
v a r i o u s  p r o c e s s i n g  t r e a t m e n t s .  T h i s  s u r v e y  w i l l  b e  c o n f i n e d  m a i n l y  
t o  t h e  s t u d y  o f  t h e  e f f e c t s  o f  i o n  i m p l a n t a t i o n  w i t h  p a r t i c u l a r  
r e f e r e n c e  t o  c r y s t a l l o g r a p h ! c  c h a n g e s .
1 , 3 . 1  E l e c t r i c a l  m e a s u r e m e n ts
T h e  m o s t  i m p o r t a n t  t e c h n iq u e  u s e d  f o r  i n v e s t i g a t i o n  o f  i o n
im p la n t e d  m a t e r i a l  i s  e l e c t r i c a l  m e a s u r e m e n t ,  a s  t h e  a im  o f  i o n
i m p l a n t a t i o n  i s  t o  m a ke  p  o r  n  t y p e  l a y e r s  o n  t h e  s u r f a c e  o f  G a A s , ,
a n d  t o  c o n t r o l  i t s  e l e c t r i c a l  p r o p e r t i e s .  T h e  p r o p e r t i e s ,  s u c h  a s
s h e e t  r e s i s t i v i t y ,  c o n d u c t i v i t y  a n d  H a l l  c o e f f i c i e n t ,  a r e  m e a s u r e d
p a r a l l e l  t o  t h e  b o m b a r d e d  s u r f a c e .  T h e  c a r r i e r  c o n c e n t r a t i o n  ( o r
im p la n t e d  i o n s )  a n d  m o b i l i t y  a t  t h e  im p la n t e d  l a y e r s ,  a r e  o b t a i n e d
f r o m  t h e  H a l l  c o e f f i c i e n t  a n d  t h e  r e s i s t i v i t y .  C h e m ic a l  e t c h i n g  i s
n o r m a l l y  e m p lo y e d  t o  re m o v e  t h e  l a y e r s .  M a n y  t e c h n iq u e s  h a v e  b e e n
u s e d ,  e m p lo y in g  t h e  c o m b in a t i o n  o f  e l e c t r i c a l  m e a s u r e m e n t  a n d  o t h e r
1 3
m e th o d s  o f  i n v e s t i g a t i o n ,  s u c h  a s  p r o t o n  s c a t t e r i n g  ( B e l l  e t  a l ) ,
H o w e v e r ,  so m e  m e a s u r e m e n ts  h a v e  b e e n  d o n e  u s i n g  e l e c t r i c a l  m e a s u r e m e n t
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a l o n e ,  s u c h  a s  H u n s p e r g e r  a n d  M a r s h  i n  1 9 7 0 ' "  w h o  m e a s u r e d  t h e
d e p e n d e n c e  o f  s h e e t  r e s i s t i v i t y ,  c a r r i e r  c o n c e n t r a t i o n  a n d  m o b i l i t y
a f t e r  i m p l a n t a t i o n  o f  C d ,  Z n  a n d  S o n  t h e  i o n  d o s e s  b o t h  a t  ro o m
t e m p e r a t u r e  a n d  a f t e r  p o s t - i m p l a n t e d  a n n e a l  ( 6 0 0 ° C  t o  9 0 0 ° C )  * I t o
7 3  .
a n d  K u s h i r o  i n  1 9 7 1  s t u d i e d  t h e  s a m e  e l e c t r i c a l  p r o p e r t i e s  o f  G aA s
i i - t y p e  a f t e r  t h e  i m p l a n t a t i o n  o f  a r s e n i c  a n d  c a d m iu m ,, T h e  i o n  e n e r g y
w as, 2 0  k e V  a n d  t h e  d o s e s  1 0 1 11 -  1 0 16 io n s / c m 2 . T h e  i o n s  o f  h i g h
o
e n e r g y  d o s e s  w e r e  f o u n d  t o  h a v e  a  r a n g e  o f  1 0 0 0  A ,  T h e  m e a s u r e m e n t  
o f  c u r r e n t™  v o l t  a g e  a n d  c a p a c i ta n c e ™  v o l t a g e  s h o w e d  a  p - n  j u n c t i o n  
s y s t e m ,
1 , 3 . 2  R u t h e r f o r d  B a c k  S c a t t e r i n g  (R B S )
R u t h e r f o r d  B a c k  S c a t t e r i n g  h a s  b e e n  e x t e n s i v e l y  u s e d  f o r  i o n  
i m p l a n t a t i o n  s t u d i e s .  T h e  m e t h o d  i s  e s s e n t i a l l y  s p e c t r o s c o p i c ,  w i t h  
a  r e s o l u t i o n  o f  a b o u t  2 0 0  X .
A  c o l l i m a t e d  b e a m  o f  p r o t o n s  o f  1  M eV  ( a t  t h e  U n i v e r s i t y  o f  
S u r r e y  h e l i u m  i o n s  h a v e  b e e n  u s e d )  i s  d i r e c t e d  a t  t h e  s p e c im e n  i n  
so m e  p a r t i c u l a r  d i r e c t i o n .  T h e  p r o t o n s  o r  h e l i u m  io n s  a r e  s c a t t e r e d  
b y  t h e  n u c l e i  i n  t h e  s p e c im e n  a n d  a r e  c o l l e c t e d  b y  a  d e t e c t o r  w h ic h  
p r o d u c e s  e l e c t r i c a l  p u l s e s  p r o p o r t i o n a l  t o  t h e  p a r t i c l e  e n e r g y .  T h e  
e n e r g y  a n d  d i r e c t i o n  o f  t h e  b a c k  s c a t t e r e d  p r o t o n s  a r e  r e l a t e d  t o  
t h e  m a s s  a n d  t h e  l o c a t i o n  o f  t h e  i n t e r a c t i n g  n u c l e i  i n  t h e  s p e c im e n .  
N o r m a l l y ,  t h e  d e t e c t o r  i s  f i x e d  a t  a n  a n g le  o f  3 0 °  t o  t h e  d i r e c t i o n  
o f  t h e  b e a m i, a n d  t h e  s p e c im e n  c a n  b e  t i l t e d  a n d  r o t a t e d  s o  t h a t  t h e  
r e q u i r e d  c h a n n e l l i n g  d i r e c t i o n  c a n 'b e  o b t a i n e d .  T h e  b a c k g r o u n d  i s  
t h e n  r e d u c e d  a s  m o s t  o f  t h e  p r o t o n s  c h a n n e l  d o w n  i n t o  t h e  c r y s t a l .  
T h i s  i.s  u s e f u l  f o r  t h e  s t u d y  o f  i m p u r i t i e s  o r  d o p a n t s  w h o s e  m a s s e s  
a r e  d i f f e r e n t  f r o m  t h o s e  o f  t h e  g a l l i u m  a n d  a r s e n i c .  C h a n n e l l i n g
s t o i c h i o m e t r y  o f  G a A s , as  t h e  g a l l i u m  a n d  a r s e n i c  p e a k s  a r e  w e l l
r e s o l v e d .  T h e  u s e  o f  c h a n n e l l i n g  t e c lm iq u e s  a n d  R u t h e r f o r d  s c a t t e r i n g
2 4
w e r e  d e s c r i b e d  i n  d e t a i l  b y  M o r g a n  a n d  B o g h ,  J C o m p a r is o n  o f  n o n ­
i n p l a n t e d  a n d  im p la n t e d  s i n g l e  c r y s t a l  G aAs e n a b le s  t h e  dam age, t o  b e  
i n v e s t i g a t e d ,  T h e  i m p la n t e d  l a y e r s  c a n  b e  re m o v e d  b y  e t c h i n g ,  a n d  
t h e  d e p t h  p r o f i l e  o f  t h e  im p la n t e d  i o n s  c a n  a l s o  h e  o b t a i n e d  b y  t h i s  
m e th o d ,
A  c o n s i d e r a b l e  a m o u n t  o f  w o r k  u s i n g  R u t h e r f o r d  B a c k  S c a t t e r i n g
h a s  b e e n  c a r r i e d  o u t  f o r  s t u d y  o f  d e p t h  p r o f i l e s  a n d  d a m a g e , f o r  
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e x a m p le ,  M a t z k e  •-•.•in 1 9 7 0  w h o  u s e d  t h e  R u t h e r f o r d  B a c k  S c a t t e r i n g  
o f  1  M eV  h e l i u m  (H e ) t o . s t u d y  t h e  d a m a g e  p r o d u c e d  b y  k r y p t o n  ( K r )  
a n d  X e n o n  (X e )  i o n s  i n  G a A s , S i  a n d  G e . T h e  i o n  e n e r g ie s  w e r e  4 0  t o  
5 0 0  k e V  a n d  t h e  d o s e s  1 0 11 t o  2  x  1 0 16 io n s / c m 2 . C a r t e r  e t  a l 20  i n  
1 9 7 0  a l s o  u s e d  h e l i u m  i o n s  t o  s t u d y  t e l l u r i u m  im p la n t e d  G aAs a n d  GaP
w i t h  a n  e n e r g y  o f  4 0  k e V .  T h e  e f f e c t  o f  a n n e a l i n g  t h e  s p e c im e n s  a f t e r
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i m p l a n t a t i o n  w a s  a l s o  i n v e s t i g a t e d .  W e s tm o r e la n d  e t  a l  s t u d i e d  t h e
l a t t i c e  d i s o r d e r  p r o d u c e d  b y  6 0  k e V  c a d m iu m  io n s  a n d  7 0  k e V  z i n c  i o n s
u s i n g  c h a n n e l l i n g  t e c h n i q u e s ,
1 . 3 . 3  D i f f r a c t i o n  m e th o d s
E x p e r im e n t s  h a v e  b e e n  c a r r i e d  o u t  u s i n g  d i f f r a c t i o n  m e th o d s  as 
t h e s e  a r e  t h e  m e th o d s  t h a t  g i v e  i n f o r m a t i o n  a b o u t  t h e  c r y s t a l l o g r a p h i c  
s t r u c t u r e ,  d a m a g e  a n d  t h e  e f f e c t  o f  a n n e a l i n g  t e m p e r a t u r e s , T h e  
t e c h n iq u e s  a r e  c l a s s i f i e d  as  f o l l o w s :
( a )  X - r a y  d i f f r a c t i o n
S om e w o r k  u s i n g  X - r a y  d i f f r a c t i o n  t e c h n iq u e s  w a s  c a r r i e d  o u t  o n
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G aAs c r y s t a l s  b y  B la c k  a n d  L u b l i n  i n  1 9 6 4 . T h e y  u s e d  X - r a y  p o w d e r
techniques are also essential for studying surface perfection or
s e l e n iu m ,  t e l l u r i u m ,  z i n c  a n d  c a d m iu m . T h e y  f o u n d  t h a t  d i f f e r e n t
k i n d s  o f  d o p a n ts  g a v e  d i f f e r e n c e s  i n  l a t t i c e  p a r a m e t e r .  R e c e n t l y ,
s o m e  i n v e s t i g a t i o n s  h a v e  b e e n  c a r r i e d  o u t  u s i n g  X - r a y  t o p o g r a p h y
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( R o z g o n y i  a n d  H a s z k o )  , T h e y  a d a p t e d  a  J a r r e  1 1 - A s h  L a n g  c a m e r a  
t o  o b t a i n  r e f l e c t i o n  X - r a y  t o p o g r a p h s  ( B e r g - B a r r e t t )  f r o m  ( 1 1 0 )  a n d  
( 1 1 0 )  c le a v a g e  f a c e s  o f  G aAs a n d  G aP . T h e  d e n s i t i e s  o f  d i s l o c a t i o n s  
i n  G aAs g r o w n  b y  t h e  C z o c h r a l s k i  m e th o d  w a s  f o u n d  t o  b e  1 0 3- 1 0 If / c m 2 ,
f o r  b o a t  g r o w n  c r y s t a l s  t h e  v a l u e  w a s  m u c h  lo w e r .  T h e  L a n g  c a m e ra  
w a s  a l s o  f o u n d  u s e f u l  f o r  t h e  s t u d y  o f  m e c h a n ic a l  d a m a g e  i n  G aP ,
X - r a y  a n o m a lo u s  d i s p e r s i o n  t e c h n iq u e s '  h a v e  a l s o  b e e n  u s e d  t o
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e v a l u a t e  d a m a g e  i n  G aAs ( M a t s u i  a n d  T a lc a s u ) ,  N o  w o r k ,  h a s . b e e n  . 
d o n e  o n  i o n  i m p l a n t a t i o n  o f  G a A s . O w in g  t o  t h e  c o n s id e r a b le  
p e n e t r a t i o n  p o w e r  o f  X - r a y ,  a b o u t  5 - 1 0 y ,  t h e  m e th o d  i s  n o t  l i k e l y  t o  
b e  s e n s i t i v e  e n o u g h  t o  r e v e a l  t h e  d a m a g e  p r o d u c e d  b y  i o n  i m p l a n t a t i o n ,  
w h i d i  i s  n o r m a l l y  a t  t h e  d e p t h  o f  5 0 0 - 1 0 0 0  A  f r o m  t h e  s u r f a c e .
( b )  E l e c t r o n  d i f f r a c t i o n  a n d  e l e c t r o n  m ic r o s c o p y
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A s  f a r  b a c k  as  1 9 6 2 , E c k h a r d t  i n v e s t i g a t e d  G aAs w a f e r s  u s i n g
T r a n s m i s s io n  E l e c t r o n  D i f f r a c t i o n  ( T E D ) .  R e p l i c a  t e c h n iq u e s  w e r e
e m p lo y e d ,  b y  s t r i p p i n g  o f f  t h e  r e p l i c a ,  , a n d  p a r t i c l e s  w e r e  t h e n  t o m
o u t  o f  t h e  G aA s s u r f a c e .  S e l e c t e d  a r e a  e l e c t r o n  d i f f r a c t i o n  s h o w e d
t h a t  t h e  p a r t i c l e s  w e r e  a m o r p h o u s ,  p o l y  c r y s t a l l i n e  a n d  m o n o c r y s t a l l i n e
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a l p h a  g a l l i u m  o x i d e  ( a - G a 2 p 3) .  L a t e r  i n  1 9 6 7  A b ra h a m s  e t  a l  s t u d i e d  
t h e  p a r t i c l e s  a n d  p r e c i p i t a t e s  i n  s e l e n iu m  d o p e d  G aAs u s i n g  T E M . T h e  
" d "  s p a c in g s  o b t a in e d ,  f r o m  M o i r e * / - f r i n g e  c o n t r a s t  i n d i c a t e d  t h a t  t h e  
p a r t i c l e s  w e r e  p r o b a b l y  g a l l i u m  s e l e n i d e  (G a 2S e 3) ,
11
M a z e y  a n d  N e ls o n  i n  1 9 6 9  w e r e  t h e  f i r s t  t o  s t u d y  i o n  im p la n t e d  
G aAs u s i n g  T E M . I m p l a n t a t i o n  w i t h  n e o n  i o n s  w a s  d o n e  a t  ro o m
methods to determine the lattice. parameters of GaAs doped with.
t e m p e r a t u r e  a n d  a t  t e m p e r a t u r e s  o v e r  t h e  r a n g e  3 5  -  2 0 0 ° C ,  e n e r g ie s  
w e r e  f r o m  4 0  t o  1 0 0  k e V ,  a n d  t h e  d o s e  w a s  1  x  1 0 18 i o n s / c m 2 . F o r  
ro o m  t e m p e r a t u r e  i m p l a n t a t i o n ,  a n  a m o rp h o u s  l a y e r  w a s  f o u n d .  T h e  
g r o s s  d a m a g e  w a s  a n n e a le d  o u t  a t  3 0 0 ° C ,  F u r t h e r  a n n e a l i n g  a b o v e  
4 0 0 ° C . c a u s e d  d i s s o c i a t i o n  a n d  t h e  f o r m a t i o n  o f  d i s l o c a t i o n  l o o p s ,  
w h ic h  w e r e  n o t  s t u d i e d  i n  d e t a i l *  T h e  B u r g e r A  v e c t o r  w a s  g i v e n  t o
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b e  *2  < H 0 >« S t a c k i n g - f a u l t s  w e r e  s t u d i e d  b y  L a i s  t e r  a n d  J e n k in s  
o n  t e l l u r i u m  d o p e d  G aA s i n  1 9 6 8  u s i n g  T E M , T h e  B u r g e r * q ,  v e c t o r  w a s
ci
a l s o  g i v e n  t o  b e  < 1 1 1 > 0
W o r k  o n  R e f l e c t i o n  H ig h  E n e r g y  E l e c t r o n  D i f f r a c t i o n  (RH EED)
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w a s  s t a r t e d  b y  C lio  i n  1 9 6 9 , G aAs f i l m s  w e r e  g r o w n  u s i n g  s p u t t e r e d  
m o M , c u la r  b e a m s ,  w h i d i  w e r e  a n n e a le d  i n  s i t u .  V a r i o u s  t h i c k n e s s e s  
o f  t h e  s p u t t e r e d  f i l m s  w e r e  a n n e a le d ,  m o s t  becoming p o l y  c r y s t a l l i n e  
a t  3 6 0 ° C ,  A s  t h e  a n n e a l i n g  t e m p e r a t u r e  w a s  i n c r e a s e d ,  m u l t i p l e  t w i n ,  
s i n g l e  t w i n  a n d  s i n g l e  c r y s t a l  p a t t e r n s  w e r e  o b s e r v e d  i n  o r d e r *
B i c k n e l l  e t  a l 4  r e p o r t e d  a n  i n v e s t i g a t i o n  o f  a r g o n  m id  c a d m iu m
io n s  i m p la n t e d  i n  G a A s . T h e  t e c h n iq u e  m a i n l y  u s e d  w a s  T E M . H ie
a n n e a le d  s p e c im e n s  s h o w e d  e x t r a  s p o t s  i n  t h e  s i n g l e  c r y s t a l  p a t t e r n s
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b u t  t h e i r  o r i g i n  w a s  n o t  k n o w n .  T a m u ra  e t  a l  i n  1 9 7 4  e m p lo y e d  
b o t h  RHEED a n d  TEM t o  s t u d y  s i l i c o n  a n d  G aAs im p la n t e d  w i t h  s i l i c o n  
io n s  a t  ro o m  t e m p e r a t u r e ,  3 4 0 °C  a n d  6 5 0 ° C .  A n n e a le d  s p e c im e n s  w e r e  
a l s o  e x a m in e d ,  a t  6 0 0 ° C  w h e n  t h e  d i s l o c a t i o n  lo o p s  w e r e  o b s e r v e d .  I n  
1 9 7 5 ,  S e a ly 5 u s e d  TEM t o  s t u d y  t e l l u r i u m  im p la n t e d  G a A s . A n n e a l i n g  
w a s  c a r r i e d  o u t  u p  t o  7 5 0 °C  u s i n g  a  p r o t e c t i v e  S i 0 2 l a y e r .  M i c r o ­
t w i n s  o r  s t a c k i n g - f a u l t s  w e r e  f o u n d  a t  2 5 0 ° C ,  D i s l o c a t i o n  l o o p s  a n d  
b e t a  g a l l i u m  o x i d e  ( $ “ G a20 3)  w e r e  o b s e r v e d  a f t e r  a n n e a l i n g  a t  
t e m p e r a t u r e s  f r o m  6 0 0 ° C  t o  7 5 0 ° C .
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(c) Low Energy Electron Diffra<
a n d  h a s  b e e n  u s e d  f r u i t f u l l y  i n  t h e  p a s t  t o  s t u d y  s u r f a c e  p h e n o m e n a
o n  c l e a n  a n d  g a s  c o v e r e d  i n s u l a t o r s ,  s e n d .c o n d u c to r s  a n d  m e t a l s .  T h e
a p p l i c a t i o n  o f  LE E D  o n  G aAs w a s  c a r r i e d  o u t  b y  w o r k e r s  s u c h  as  
3 1  3 7
J 'o n a  a n d  M a c R a e . T h e y  o b t a i n e d  a  c l e a n  s u r f a c e  o n  GaAs b y  u s i n g  
a r g o n  i o n  b o m b a rd m e n t  f o l l o w e d  b y  a n n e a l i n g  u p  t o  6 0 0 ° C  f o r  s e v e n  o r  
e i g h t  h o u r s .  N o  w o r k  h a s  b e e n  d o n e  y e t  o n  i o n  im p la n t e d  G aAs a s  i t  
i s  r a t h e r  d i f f i c u l t  t o  o b t a i n  a  c l e a n  s u r f a c e  o n  G aAs a f t e r  t h e  
b o m b a rd m e n t  e x c e p t  b y  f u r t h e r  i o n  b o m b a r d m e n t ,
1 , 3 , 4  O t h e r  m e th o d s
Som e e x p e r im e n t s  h a v e  b e e n  c a r r i e d  o u t  u s i n g  m e th o d s  d i f f e r e n t  
f r o m  t h o s e  p r e v i o u s l y  d e s c r i b e d  t o  s t u d y  i o n  im p la n t e d  G a A s , F o r
• I Q
e x a m p le ,  r a d i o a c t i v e  t e c h n iq u e s  w e r e  u s e d  b y  W h i t t o n  e t  a l .  ‘ ‘ T h e y  
im p la n t e d  k r y p t o n  i o n s  ( 85K r )  a n d  m e a s u r e d  t h e  r e s i d u a l  a c t i v i t y  
a f t e r  e t c h i n g ,  w i t h  a n  e n d - w in d o w  G e i g e r - M u l l e r  t u b e .  T h u s  p l o t s  
o f  r e m a in i n g  a c t i v i t y  v e r s u s  d e p t h  w e r e  o b t a i n e d .
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E l l i p s o m e t r y  h a s  b e e n  e m p lo y e d  b y  A da m s a n d  P r u n i a u x  ( s e e
p .  1 6 ) ,  V a p o r i z a t i o n  o f  a r s e n i c  f r o m  i o n  im p la n t e d  G aAs a f t e r  h e a t
3 8
t r e a t m e n t  w a s  s t u d i e d  b y  P i c r a u x ,  H e  u s e d  m a ss  s p e c t r o m e t r y  t o
d e t e c t  t h e  a r s e n i c  v a p o u r .  T h e  r a t e  o f  o u t - d i f f u s i o n  o f  a r s e n i c  w a s
f o u n d  t o  h a v e  b e e n  v e r y  h i g h  a f t e r  a n n e a l i n g  a t  | 0 0 ° C .  W o r k  u s i n g
E l e c t r o n  S p e c t r o s c o p y  f o r  C h e m ic a l  A n a l y s i s  (E S C A ) a n d  t r a n s m i s s i o n
3 9
e l e c t r o n  d i f f r a c t i o n  (T E D ) w a s  c a r r i e d  o u t  b y  S e a ly  a n d  H e m m e n t 
i n  1 9 7 4 . T h e y  s t u d i e d  t h e  u s e  o f  o x id e s  a s  a n  e n c a p s u l a t o r .  A r s e n i c  
w a s  f o u n d  o n  t h e  s p e c im e n  s u r f a c e  a f t e r  a n n e a l i n g  t h e  im p la n t e d  
s p e c im e n s  a t  6 1 0 ° C  a n d  t h e  o x i d e s  w e r e  m a i n l y  3 - G a 20 3 .
Low Energy Electron Diffraction is a very sensitive technique,.
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CHAPTER 2
2 . 1  I n t r o d u c t i o n
A s  m e n t i o n e d  i n  t h e  p r e v i o u s  c h a p t e r ,  t h e  d a m a g e  p r o d u c e d  b y  i o n  
i m p l a n t a t i o n  c a n  a f f e c t  t h e  e l e c t r i c a l  p r o p e r t i e s  o f  c r y s t a l s  o f  G a A s .
I n  o r d e r  t o  r e m o v e  t h e  d a m a g e ,  t h e  s p e c im e n s  m u s t  b e  a n n e a le d  a b o v e  6 5 0 ° C  
p r e f e r a b l y  i n  f l o w i n g  n i t r o g e n ,  a f t e r  i m p l a n t a t i o n .  T h e  c h a n g e s  d u e  t o  
h e a t  t r e a t m e n t  a r e  c o m p l i c a t e d  b y  t h e  d e c o m p o s i t i o n  o f  G aA s w i t h  l o s s  o f  
a r s e n i c  a n d  o x i d a t i o n .  T h u s  t h e  a n n e a l i n g  p r o c e s s  m a y  b e  c o n s id e r e d  a s  
o n e  o f  t h e  m o s t  i m p o r t a n t  a s p e c t s  o f  t h e  i o n  i m p l a n t a t i o n  w o r lc .  A l t h o u g h  
v a r i o u s  m e th o d s  h a v e  b e e n  e m p lo y e d  t o  i n v e s t i g a t e  t h e  d a m a g e  c a u s e d  b y  
i m p l a n t a t i o n ,  t h e  e f f e c t s  d u e  t o  h e a t  t r e a t m e n t  o f  v a r i o u s  t e m p e r a t u r e s  
w e r e  n o t  f u l l y  k n o w n .  X - r a y  m e th o d s  c a n  b e  a p p l i e d  t o  s t u d y  t h e  c h a n g e s  
d u r i n g  t h e  a n n e a l i n g  o f  G a A s . A l t h o u g h  t h e  m e th o d  d o e s  n o t  g i v e  m u c h  
i n f o r m a t i o n  a b o u t  p o i n t  d e f e c t s ,  i t  i s  u s e f u l  i n  t h e  s t u d y  o f  l o n g - r a n g e  
d e f e c t s ,  s u c h  a s  d i s l o c a t i o n s .  T h e  X - r a y  l i n e  b r o a d e n in g  m e th o d  w a s  
u s e d  t o  s t u d y  a n n e a l i n g  e f f e c t s  i n  t h i s  p a r t  o f  t h e  w o r k ,  a s  t h e  t h e o r y  
a n d  e x p e r i m e n t a l  t e c h n iq u e  a r e  w e l l  e s t a b l i s h e d .  I t  w a s  w i d e l y  u s e d  i n  
t h e  p a s t  t o  s t u d y  t h e  a n n e a l i n g  c h a r a c t e r i s t i c s  o f  m a n y  m a t e r i a l s  s u c h  
a s  a l u m in a  ( L e w is  a n d  W h e e le r ) , g e r m a n iu m  a n d  t u n g s t e n  c a r b i d e  ( G i l l i e s )  
H o w e v e r ,  t h e  X - r a y  m e th o d  c a n n o t  b e  u s e d  t o  s t u d y  i o n  i m p l a n t a t i o n  d a m a g e  
w h ic h  i s  m a i n l y  s u p e r f i c i a l  i n  c h a r a c t e r ,  b e c a u s e  o f  t h e  p e n e t r a t i o n  o f  
t h e  r a d i a t i o n .
2 * 2  I n t e g r a l  b r e a d t h  m e t h o d s -
X - r a y  l i n e  b r o a d e n in g  m e th o d s  h a v e  b e e n  g r e a t l y  d e v e lo p e d  f o r  t h e  
s t u d y  o f  c r y s t a l  d a m a g e .  T h e y  u s u a l l y  g i v e  t h e  v a l u e s  o f  tw o  p a r a m e t e r s ,
Structure of deformed GaAs using X-ray diffraction
o n e  a  m e a s u r e  o f  t h e  c r y s t a l  m o s a ic  s i z e  a n d  t h e  o t h e r  a  m e a s u r e  o f  t h e  
c r y s t a l  ' s t r a i n 1 o r  d i s l o c a t i o n  d e n s i t y .  D i s l o c a t i o n  lo o p s  h a v e  b e e n  
f o u n d  b y  e l e c t r o n  m ic r o s c o p y  i n  t h e  i o n  i m p l a n t a t i o n  o f  G a A s . T h e r e f o r e ,  
i n  t h i s  w o r k  t h e  c r y s t a l l i t e  s i z e  a n d  s t r a i n  o f  G aAs p r o d u c e d  b y  
m e c h a n ic a l  d a m a g e  a n d  t h e  e f f e c t  o n  t h e s e  o f  a n n e a l i n g  t e m p e r a t u r e s ,  w e r e  
s t u d i e d .  I t  w a s  h o p e d  t o  r e l a t e  t h e  r e m o v a l  o f  m e c h a n ic a l  d a m a g e  b y  
a n n e a l i n g  t o  t h e  r e m o v a l  o f  i o n  i m p l a n t a t i o n  d a m a g e  b y  a n n e a l i n g .
I n t e g r a l  b r e a d t h  m e th o d s  w e r e  e m p lo y e d  t o  s t u d y  a n d  e v a lu a t e  t h e  
c r y s t a l l i t e  s i z e  a n d  s t r a i n  o f  d e f o r m e d  G a A s , T h e  i n t e g r a l  b r e a d t h  
n o r m a l l y  m e a n s  t h e  a r e a  u n d e r  t h e  p r o f i l e  o f  t h e  b r o a d  d i f f r a c t i o n  l i n e s  
d i v i d e d  b y  t h e  p e a k  h e i g h t .  H ie  a r e a  u n d e r  t h e  p r o f i l e  o f  t h e  d i f f r a c t i o n  
l i n e s  c a n  b e  d e t e r m in e d  b y  s q u a r e  c o u n t i n g  o f  t h e  d i f f r a c t o m e t e r  t r a c e s .
T h e  e n t i r e  a r e a  u n d e r  H ie  p e a k s  i s  i n  f a c t  t h e  c o n t r i b u t i o n  o f  t h e  
Kcty a n d  I ( a 2 l i n e s .  B y  u s i n g  R a d i i n g e r ' s  m e th o d 4  t h e  K cq  a n d  K a 2 p e a k s  
c a n  b e  r e s o l v e d .  T h e  a r e a  d u e  t o  t h e  K a /  a lo n e  i s  r o u g h l y  t w o - t h i r d s  o f  
t h e  w h o le  a r e a .  T h e  i n t e g r a l  b r e a d t h  i s  t h e n  t h e  K a j  c o n t r i b u t i o n  
d i v i d e d  b y  t h e  Koq p e a k  h e i g h t .
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I t  w a s  s h o w n  b y  H a l l  t h a t  t h e  t o t a l  i n t e g r a l  b r e a d t h  ( 3 )  i s  
o b t a i n e d  b y  a d d in g  t o g e t h e r  t h e  b r e a d t h  d u e  t o  p u r e  p a r t i c l e  s i z e  ( 8 D)  
a n d  t h e  b r e a d t h  d u e  t o  p u r e  s t r a i n  ( $ g )
3. K 3d + Bg (2.1)
W a g n e r  a n d  A g u a 5 h a v e  f o u n d  t h a t  t h e  q u a d r a t i c  e q u a t i o n
32 = 3d2 + 3e2 (2.2)
g i v e s  r e s u l t s  t h a t  r e a s o n a b l y  a g r e e  w i t h  t h e  o t h e r  m o re  e x a c t  m e th o d s  
s u c h  a s  t h e  F o u r i e r  m e th o d  o f  W a r r e n  a n d  A v e r b a c h ,  T h e  b r e a d t h  d u e  t o  
p a r t i c l e  s i z e  a n d  s t r a i n  c a n  b e  d e r i v e d  f r o m  B r a g g 's  l a w .  T h e  p a r t i c l e
•-26-‘
s i z e  t e r m  c a n  b e  d e t e r m in e d  b y  c o n s i d e r i n g - a  s t r a i n * - f r e e  c r y s t a l  w i t h  - <■? 
t h i c k n e s s  D n o r m a l  t o  t h e  p l a n e s  r e f l e c t i n g  t l i e  X - r a y s .  T h e  s t r a i n  
t e r m  c a n  b e  o b t a i n e d  b y  d i f f e r e n t i a t i n g  B r a g g ’ s  e q u a t i o n  a n d  s e t t i n g
A d / ^  =  2 E (E  =  s t r a i n )
T h i s  g i v e s
PD D C os 0
a n d
Bg i  - 4 H t a n  9  .
w h e r e
0 =  B r a g g ’ s  a n g le
B y r s u b s t i t u t i n g  a n d  3 ^  i n  ( 2 , 1 ) ,
$ lTCos"~0 + 4 E tan0 .
p C o s  0 1  0 P 2 S in  0
8 A D L n: X ™
3 *  =  ~  +  2  E  d *  • -  ' ' ( 2 , 3 )
w h e r e
3 *  =: d *  ® . ( r e c i p r o c a l  l a t t i c e ) ,
S u b s t i t u t i o n  o f  3 ^  a n d  3 g  i n  ( 2 . 2 )
(B * )2 = h | 2 + 4 E 2 ( d * ) 2
T h e  p l o t  o f  ( 0 * ) 2 v . s  ( d * ) 2 i n  e q u a t i o n  ( 2 . 4 )  ( o r  3 *  v . s  d *  f o r  
e q u a t i o n  ( 2 . 3 ) )  w i l l  g i v e  a  s t r a i g h t  l i n e ,  w h e r e  t h e  i n t e r c e p t  r e l a t e s  
t o  t h e  p a r t i c l e  s i z e  (D )  a n d  t h e  s t r a i n  (E )  c a n  b e  c a l c u l a t e d  f r o m  t h e  
s l o p e .  I n  t h i s  w o r k ,  o n l y  t h e  e q u a t i o n  ( 2 . 4 )  w a s  u s e d  t o  e v a lu a t e  t h e  
p a r t i c l e  s i z e  (D )  a n d  s t r a i n  ( E ) .
I n  g e n e r a l ,  t h e  b r e a d t h  o b t a i n e d  i s  t h e . c o n t r i b u t i o n  o f  t h e  b r e a d t h  
d u e  t o  t h e  i n s t r u m e n t ,  p l u s  t h a t  o f  t h e  s p e c im e n .  T h i s  c a n  b e  c o r r e c t e d  
b y  s u b t r a c t i n g  f r o m  t h e  t o t a l  b r o a d e n in g  t h e  i n s t r u m e n t a l  b r o a d e n i n g ,  
u s i n g  t h e  f o l l o w i n g  e q u a t i o n .
I n  f a c t  3 *  i n  e q u a t i o n  ( 2 , 4 )  m e a n s  t h e  b r o a d e n in g  d u e  t o  t h e  
s p e c im e n  a l o n e ,  t h u s  e q u a t i o n  ( 2 . 4 )  b e c o m e s
(Bt*)2O * „P rp ( 2 . 5 )
w h e r e
3 g *  =  b r o a d e n in g  d u e  t o  t h e  s p e c im e n
Bt *  =  t o t a l  b r o a d e n i n g
3-j-* =  i n s t r u m e n t a l  b r o a d e n i n g  o b t a i n e d  f r o m  w e l l - a n n e a l e d
o r  l a r g e  g r a i n  u n d a m a g e d  p o w d e r
(es*)2 = [jyT + 4 Eftd1) 2 (2.6)
2 . 3
T h e  v a l u e s  o f  d i s l o c a t i o n  d e n s i t y  c a n  b e  o b t a i n e d  f r o m  t h e  s t r a i n
8
v a l u e s  u s i n g  t h e  e q u a t i o n  d e r i v e d  b y  W i l l i a m s o n  a n d  S m a l lm a n  a s  
f o l l o w s :
30-
p =  1 6 . 1  —  ( 2 . 7 )
b 2
w h e r e
p =  d i s l o c a t i o n  d e n s i t y  
E  =  s t r a i n  v a l u e
a  9
b  -  B u r g e r s  v e c t o r  (-^  < 1 1 0 > a f t e r  M a z e y  a n d  N e ls o n )
2 . 4  E x p e r im e n t a l  d e t a i l s
2 . 4 . 1  X - r a y  p o w d e r  p h o t o g r a p h s
I n  o r d e r  t o  m a lce  a  s u r v e y  o f  t h e  c h a n g e s  i n  d a m a g e d  G aA s b r o u g h t  
a b o u t  b y  r a i s i n g  t h e  a n n e a l i n g  t e m p e r a t u r e ,  X - r a y  p o w d e r  p h o t o g r a p h y  
w a s  f i r s t  t r i e d .  D a m ag e  i n  t h e  G aA s p o w d e r  w a s  p r o d u c e d  b y  b a l l - m i l l i n g  
i n  a  v i b r a t o r y  m i l l  u s i n g  a n  a g a t e  p o t  a n d  b a l l s .  T h e  b a l l - m i l l i n g  t i m e  
w a s  i n i t i a l l y  1 2  h o u r s ,  b u t  t h e  X - r a y  p o w d e r  p h o t o g r a p h s  s h o w e d  t h a t  n o
v e r y  a p p r e c i a b l e  d a m a g e  h a d  o c c u r r e d .  F i n a l l y  t h e  b a l l - m i l l i n g  t i m e  w a s
in c r e a s e d  u p  t o  4 0  h o u r s ,  w h e n  t h e  X - r a y  p h o t o g r a p h  s h o w e d  t h a t  a l l  t h e  
r e f l e c t i o n s  w e r e  v e r y  b r o a d .  M i l l e d  G aAs p o w d e r  w a s  p l a c e d  i n  a  q u a r t z  
b o a t  a n d  a n n e a le d  a t  v a r i o u s  t e m p e r a t u r e s  i n  a  J o i n s  o n  M a t  t h e y  p l a t i n u m  
f u r n a c e  h a v in g  n i t r o g e n  f l o w i n g  w i t h  a  s p e e d  o f  5  f t 3/ h r  d u r i n g  t h e  
a n n e a l ,  a f t e r  M a z e y  a n d  N e l s o n . 9 T h e  a n n e a l i n g  t e m p e r a t u r e s  r a n g e d
f r o m  2 5 0 ° C  t o  8 5 0 ° C  i n  s t e p s  o f  5 0 ° C .  T h e  a n n e a l i n g  t i m e  w a s  1  h o u r  f o r
e a c h  s t e p .  A n  X - r a y  p o w d e r  p h o t o g r a p h  w a s  t a k e n  a f t e r  e a c h  a n n e a l i n g
s t e p  u s i n g  a  P h i l i p s  c a m e r a  o f  1 1 . 4 6  cm  i n  d i a m e t e r .  C u  K a  r a d i a t i o n
a n d  a  n i c k e l  f i l t e r  w e r e  e m p lo y e d .  .. Som e o f  t h e  X - r a y  p o w d e r  p h o t o g r a p h s
are shown in Figs. 2.1, 2.2 and 2.3.
T h e  r e s u l t s  o b t a i n e d  f r o m  S e c t i o n  2 , 4 , 1  s h o w e d  t h a t  f l o w i n g  
n i t r o g e n  c a n n o t  s t o p  o x i d a t i o n ,  t h e r e f o r e  i n  t h e  l i n e  b r o a d e n i n g  s t u d y  
t h e  s a m p le  w a s  s e a le d  i n  a n  e v a c u a t e d  t u b e  b e f o r e  a n n e a l i n g .  M e c h a n ic a l  
d a m a g e  w a s  p r o d u c e d  b y  b a l l - m i l l i n g  G aAs p o w d e r  f o r  4 0  h o u r s .  I t  w a s  
t h e n  a n n e a le d  i n  a n  e v a c u a t e d  q u a r t z  o r  p y r e x  t u b e  a t  t e m p e r a t u r e s  
r a n g i n g  f r o m  2 0 0 ° C  t o  8 0 0 ° C  i n  s t e p s  o f  1 0 0 ° C  f o r  1  h o u r  e a c h  s t e p .
T h e  q u a r t z  t u b e s  w e r e  f r o m  T h e r m a l  S y n d ic a t e  L t d .  a n d  o f  9 9 , 9 % p u r i t y ,  
w i t h  d i m e n s io n s . 7  mm d i a m e t e r  a n d  1 0  cm  l o n g .  F o r  a n n e a l i n g  b e lo w  
5 0 0 ° C ,  9  mm d i a m e t e r  p y r e x .  t u b e s  w e r e  u s e d .  T h e y  w e r e  p u r c h a s e d  f r o m  
J o b l i n g  & C o , , a n d  w e r e  8 0 . 6 % s i l i c a  a n d  1 2 , 6 % b o r i c  o x i d e .  T h e  
p r e s s u r e  i n  t h e  t u b e s  w a s  1 0 " 3 m ni o f  m e r c u r y .  A f t e r  e a c h  a n n e a l ,  t h e  
s a m p le  w a s  p a c k e d  i n  a  p e r s p e x  h o l d e r  o f  2  x  1  x  0 . 1  mm. I t  w a s  t h e n  - 
s c a n n e d  b y  u s i n g  a  d i f f r a c t o m e t e r ,  a n d  a n  X - r a y  p o w d e r  p h o t o g r a p h  w a s  
a l s o  t a k e n .  D a m a g e d , u n a n n e a le d  s p e c im e n s  w e r e  s i m i l a r l y  i n v e s t i g a t e d .  
C h a r t  r e c o r d e d  p r o f i l e s  w e r e  o b t a i n e d  u s i n g  a  P h i l i p s  p o w d e r  
d i f f r a c t o m e t e r  w i t h  n i c k e l - f i l t e r e d  C u  K a  r a d i a t i o n ,  A  s c a n n in g  s p e e d  
o f  § d e g r e e / m in  i n  d e v i a t i o n  a n g l e ,  2 0 ,  w a s  c h o s e n .  T h e  s l i t s  u s e d  
w e r e :
2,4,2 Line broadening method
4 ° 0 . 2 ° 4 ° . f o r 2 0  >  9 0 °
2 ° 0 . 2 ° 2 ° f o r 9 0 °  > 2 0  >  4 5 °
1 ° 0 . 1 ° 1 ° f o r 2 0  <  4 5 °
T h e  r e f l e c t i o n s  s e l e c t e d  w e r e  ( 1 1 1 ) ,  ( 2 2 0 )  a n d  ( 3 1 1 ) ,  a s . t h e  
i n t e n s i t i e s  o f  o t h e r  r e f l e c t i o n s  w e r e  v e r y  lo w  ( l e s s  t h a n  10% o f  t h e  
s t r o n g e s t  l i n e ) .  R a c h in g e r 's  m e th o d 4  w a s  u s e d  t o  r e s o l v e  t h e  K a 2 a n d  
K a 2 r a d i a t i o n ,  t h e  i n t e g r a l  b r e a d t h s  t h e n  b e i n g  d e t e r m in e d .
B r o a d e n in g  d u e  t o  i n s t r u m e n t a l  h e r e  ( 3 j * )  w a s  o b t a i n e d  u s i n g  
t h e  b r e a d t h s  o f  t h e  a s - r e c e i v e d  G aAs p o w d e r ,  b u t  t h e r e  w a s  a  p r e f e r r e d
o r i e n t a t i o n  i n  t h e  s a m p le  ( v e r y  s t r o n g  2-20 r e f l e c t i o n )  a s  i t  w a s  o b t a i n e d  
f r o m  p u l v e r i s e d  G aA s p i e c e s , s h o w in g  ( 1 1 0 )  f a c e s .  F i n a l l y ,  a s - r e c e i v e d  
G aA s p o w d e r  w a s  b a l l - m i l l e d  f o r  1 0  m i n u t e s ,  a f t e r  w h ic h  t h e  i n t e n s i t i e s  
o f  t h e  d i f f r a c t o m e t e r  t r a c e s  s h o w e d  r e a s o n a b le  a g r e e m e n t  w i t h  ASTM  c a r d .  
T h e  b r e a d t h  w a s  d e t e r m in e d  f r o m  t h i s  s a m p le ,  a n d  t h e  b r o a d e n in g  d u e  
t o  t h e  s p e c im e n  ( $ g * )  w a s  o b t a i n e d  f r o m  t h e  e q u a t i o n  ( 2 . 5 ) .  T h e  p l o t  o f  
( $ g * ) 2 a g a i n s t  ( d * ) 2 w a s  s h o w n  i n  F i g ,  2 , 4  a n d  t h e  c r y s t a l l i t e  s i z e  (D ) 
a n d  m i c r o s t r a i n  (E )  w e r e  o b t a i n e d  f r o m  t h e  i n t e r c e p t  a i d  t h e  s lo p e  
r e s p e c t i v e l y ,  a c c o r d i n g  t o  e q u a t i o n  ( 2 . 6 ) .
T h e  e f f e c t  o f  a n n e a l i n g  t e m p e r a t u r e s  o n  t h e  c r y s t a l l i t e  s i z e s  a n d  
m i c r o s t r a i n s  i s  s h o w n  i n  F i g .  2 . 5 .
2 . 4 . 3  E s t i m a t i o n  o f  t h e  p e r c e n t a g e  o f  d e c o m p o s e d  a r s e n i c  
d u r i n g  a n n e ~ a l in g
X - r a y  p o w d e r  p h o t o g r a p h s  ( F i g s .  2 . 1  a i d  2 . 2 )  s h o w e d  t h a t  a r s e n i c  
o u t - d i f f u s e d .  D u r in g  t h e  l i n e  b r o a d e n in g  w o r k  t h e  a r s e n i c  p e a k  ( 1 0 2  
r e f l e c t i o n )  w a s  a l s o  s c a n n e d  b y  t h e  d i f f r a c t o m e t e r  a t  t h e  sa m e  c o n d i t i o n s  
a s  s c a n n in g  G aA s p e a k s .  H ie  r a t i o  o f  t h e  a r e a  o f  t h e  a r s e n i c  ( 1 0 2  
r e f l e c t i o n )  t o  t h e  G aAs ( 1 1 1  r e f l e c t i o n )  w a s  d e t e r m in e d ,  a n d  t h i s  c a i  b e  
c o n v e r t e d  i n t o  t h e  p e r c e n t a g e  o f  o u t - d i f f u s i n g  o f  a r s e n i c  u s i n g  a  
c a l i b r a t i o n  c u r v e  o b t a i n e d  a s  d e s c r i b e d  b e lo w .
V a r i o u s  k n o w n  w e ig h t s  o f  a r s e n i c  a n d  G aAs w e r e  m ix e d  a n d  s c a n n e d  
u s i n g  t h e  sam e d i f f r a c t o m e t e r  o n  t h e  sa m e  p e a k s  as  t h o s e  u s e d  i n  t h e  
a n n e a l i n g  e x p e r i m e n t s ,  i . e .  ( 1 0 2 )  o f  a r s e n i c  a n d  ( 1 1 1 )  o f  G a A s . T h e  
p r o p o r t i o n  o f  a r s e n i c  t o  G aAs b y  w e i g h t  w a s  p l o t t e d  a g a i n s t  t h e  r a t i o  
o f  t h e  a r e a  u n d e r  t h e  p e a k s  o f  a r s e n i c  t o  G aA s i n  F i g .  2 . 6 . T h e  
p e r c e n t a g e  o f  o u t - d i f f u s i n g  o f  a r s e n i c  a t  d i f f e r e n t  t e m p e r a t u r e s  w a s  
t h e n  e s t im a t e d  u s i n g  t h i s  c a l i b r a t i o n  c u r v e  a n d  t a b u l a t e d  i n  T a b le  2 . 1 ,
Fi
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D i s l o c a t i o n
d e n s i t i e s
x I O 10 
........... ±  A  o y v
P e r c e n t a g e  
o f  A s
B a l l  m i l l e d  
4 0  h o u r s
6 2 . 9 0 N o n e
A n n e a le d  
2 0 0 °  C
3 3 . 9 0 . N o n e
A n n e a le d
3 0 0 ° C
2 2 . 3 0 2 . 7
A n n e a le d
4 0 0 ° C
1 0 . 0 0 1 0 . 7
A n n e a le d
5 0 0 ° C
1.00 2 1 . 1
A n n e a le d
6 0 0 ° C
0 .8J*
\
N o n e
A n n e a le d
7 0 0 ° C
0.5t N o n e
A n n e a le d
8 0 0 ° C
0 . 2} N o n e
T a b le  2 . 1  . D i s l o c a t i o n  d e n s i t i e s  a n d  p e r c e n t a g e  
o f  A s  ■ i n  G aAs a f t e r  v a r i o u s  h e a t  
t r e a t m e n t
T h e  d i s l o c a t i o n  d e n s i t i e s  s h o r n  i n  T a b le  2 * 1  w e r e  c a l c u l a t e d  f r o m  
s t r a i n  v a l u e s  u s i n g  e q u a t i o n  ( 2 , 7 ) ,  'D ie  e r r o r s  i n  t h e  v a l u e s  o f  E  a n d  
D w e r e  a s s e s s e d  b y  r e p e a t i n g  t h e  m e a s u r e m e n ts  o f  t h e  b r e a d t h s .  B e c a u s e  
o f  v a r i a t i o n  i n  t h e  b a c k g r o u n d  l e v e l  t h e  g r e a t e s t  e r r o r  w a s  a b o u t  10 % , 
T h i s  m e th o d  w a s  b a s e d  o n  t h a t  o f  P o r t e r .
2 . 5  R e s u l t s
2 . 5 , 1  X - r a y  p o w d e r  p h o t o g r a p h s
F ro m  F i g s .  2 , 1  t o  2 , 3  i t  m a y  b e  s e e n  t h a t  t h e  a n n e a l i n g  p r o c e s s  
p r o d u c e d  c h a n g e s  i n  h e a v i l y  b a l l - m i l l e d  G a A s , T h e  d a m a g e d  c r y s t a l s  
g r a d u a l l y  r e c r y s t a l l i s e d  a n d  t h e  r e s o l u t i o n  o f  Koq a n d  K a 2 a t  h i g h  
a n g le s  w a s  r e s t o r e d  w i t h . t h e  i n c r e a s e d  a n n e a l i n g  t e m p e r a t u r e s « A f t e r  
a n n e a l i n g  a t  4 0 0 ° C  som e e x t r a  l i n e s  a p p e a r e d ,  a p a r t  f r o m  t h o s e  o f  G aA s 
a l r e a d y  p r e s e n t  ( s e e  F i g ,  2 . 1 ) ,  T h e  n d n v a l u e s  m e a s u r e d  f r o m  t h e s e  
l i n e s  w e r e  2 , 7 7 ,  1 , 8 9  a n d  3 , 5  X .  T h e s e  c o r r e s p o n d  t o  t h e  i n t e n s e  l i n e s  
o f  a r s e n i c  a c c o r d i n g  t o  t h e  ASTM  c a r d ,  a s s u m in g  t h a t  2 . 0 5  X  l i n e  o f  
a r s e n i c  c o i n c i d e d  w i t h . t h e  1 . 9 9 9  X  o f  G a A s , A n n e a l i n g  a t  h i g h e r  
t e m p e r a t u r e s  ( F i g .  2 . 2 )  p r o d u c e d  e x t r a  l i n e s  t h a t  w e r e  s h a r p e r  a n d  
s t r o n g e r ,  b u t  t h e y  g r a d u a l l y  d i s a p p e a r e d  a f t e r  6 0 0 ° C ,  a f t e r  w h ic h  a  n e w  
s e t  o f  e x t r a  l i n e s  s h o w e d  u p . . T h e  " d n  v a l u e s  o f  t h e s e  n e w  l i n e s ,  w e r e  
2 , 9  X ,  2 , 8  X  e t c .  w h ic h  c o r r e s p o n d e d  t o  t h o s e  o f  b e t a  g a l l i u m  o x i d e  
( 3 - G a 2 0 3 ) ,  A t  h i g h e r  t e m p e r a t u r e s  ( F i g ,  2 . 3 )  t h e  3 ~ G a20 3 s h o w e d  m o re  
s t r o n g l y .  F i n a l l y  t h e  p o w d e r e d  G aA s b e c a m e  g r e y  a t  8 5 0 ° C ,  w h ic h  i m p l i e d  
t h a t  n e a r l y  c o m p le te  o x i d a t i o n  h a d  t a k e n  p l a c e .  N o  s i g n  o f  f r e e  g a l l i u m  
e le m e n t  w a s  d e t e c t e d ,  ... ■
T h e  r e s u l t s  p r o v e d  t h a t  a n n e a l i n g  o f  G aA s i n  f l o w i n g  p u r e  n i t r o g e n  
f a i l e d  t o  s t o p  o x i d a t i o n .  A n n e a l i n g  d a m a g e d  G aAs p o w d e r  w a s  t r i e d  o n c e
m o re  u s i n g  s m a l l  p i e c e s  o f  c o p p e r  (C u )  p l a c e d  i n  f r o n t  o f  G aA s p o w d e r  
i n  t h e  b o a t  a n d  a n n e a le d  a t  7 0 0 ° C 6 I t  w a s  h o p e d  t h a t  t h e  c o p p e r  c o u ld  
o x i d i s e  a n d  t a k e  t h e  o x y g e n  a w a y  f r o m  t h e  G a A s , T h e  r e s u l t  s h o w e d  t h a t  
3 ~ G a20 3 w a s  s t i l l  d e t e c t a b l e ,
2 , 5 , 2  L i n e  b r o a d e n in g  m e th o d
M ie n  a n n e a l i n g  i n  t h e  e v a c u a t e d  t u b e ,  i t  w a s  f o u n d  t h a t  s m a l l  
a m o u n ts  o f  m e t a l l i c  a r s e n i c  a p p e a r e d  a t  t h e  o t h e r  e n d  o f  t h e  t u b e  f r o m  
3 0 0 °C  o n w a r d s  ( i d e n t i f i e d  b y  p o w d e r  p h o t o g r a p h s ) . On t h e  d i f f r a c t o m e t e r  
c h a r t  p r o f i l e s  t h e r e  w e r e  v e r y  b r o a d  p e a k s  o f  a r s e n i c ,  T h i s  m e a n s  t h a t  
t h e  d e c o m p o s i t io n  o f  G aA s s t a r t e d  a s  lo w  a s  3 0 0 ° C ,  Som e a r s e n i c  
a p p a r e n t l y  v a p o r i s e d  t o  t h e  o t h e r  e n d  o f  t h e  t u b e  a n d  s o m e  r e m a in e d  
t h e  G aAs g r a i n s .  T h e  X - r a y  p o w d e r  p h o t o g r a p h  o f  G aAs p o w d e r  t a k e n  a t  
t h i s  t e m p e r a t u r e  a l s o  c o n f i r m e d  t h i s . T h e  a p p e a r a n c e  o f  a r s e n i c  o c c u r r e d  
a t  a  l o w e r  t e m p e r a t u r e  t h a n  i n  t h e  p r e v i o u s  e x p e r im e n t  ( 2 . 5 . 1 ) .  T h i s  m a y  
b e  d u e  t o  t h e  f a c t  t h a t  t h e  f l o w i n g  n i t r o g e n  c o u ld  c a r r y  a w a y  a  s m a l l  
a m o u n t  o f  o u t - d i f f u s i n g  a r s e n i c  a t  t h i s  t e m p e r a t u r e .  T h e  X - r a y  
d i f f r a c t i o n  p r o f i l e s  o f  a r s e n i c  b e c a m e  s h a r p e r  a n d  s t r o n g e r  w i t h  
i n c r e a s i n g  a n n e a l i n g  t e m p e r a t u r e  u p  t o  5 0 0 ° C .  N o  s i g n  o f  f r e e  g a l l i u m  
w a s  d e t e c t e d .  T h e  s a m p le  a t  t h i s  s t a g e  w a s  e x a m in e d  u s i n g  a  m ic r o p r o b e  
a n a l y s e r .  T h e  r e s u l t  s h o w e d  t h e  e x i s t e n c e  o f  o x y g e n  t o g e t h e r  w i t h  som e  
g a l l i u m  a n d  a r s e n i c  p e a k s , T h e  s a m p le  w a s  e x a m in e d  b y  t h e  d i f f r a c t o m e t e r  
a g a i n ,  u s i n g  a  f a s t  s c a n n in g  s p e e d  ( 2 °  2 9 / m i n )  , Som e v e r y  b r o a d  e x t r a  
p e a k s  o f  3 ~ G a20 3 t h e n  a p p e a r e d .  T h is  c o u ld  m e a n  t h a t  w h e n  t h e  
d e c o m p o s i t i o n  t o o k  p l a c e ,  g a l l i u m  r e m a in e d  w i t h  t h e  G aA s g r a i n s  b e c a u s e  
o f  i t s  v e r y  lo w 7 v a p o u r  p r e s s u r e  c o m p a r e d  t o  a r s e n i c ,  a n d  w t i t h  i t s  lo w  
m e l t i n g  p o i n t  ( 2 9 , 5 ° C )  i t  m a y  n o t  b e  d e t e c t a b l e  b y  X - r a y s .  T h is  g a l l i u m  
f i n a l l y  f o r m e d  3 - G a 2 0 3 w i t h  t h e  r e s i d u a l  o x y g e n  i n  t h e  e v a c u a t e d  t u b e s  
a t  h i g h e r  t e m p e r a t u r e s ,  a n d  t h i s  3 ~ G a20 3 w a s  f o u n d  w i t h  t h e  G aA s p o w d e r .
T h e  p e a k s  d u e  t o  G aAs w e r e  s h a r p e r  b u t  l o w e r  i n  i n t e n s i t y  w i t h  t h e  
i n c r e a s e  o f  t e m p e r a t u r e B T h i s  m a y  b e  d u s  t o  t h e  f a c t  t h a t  |3~ G a 2 0 3 h a d  
t a k e n  som e  s p a c e  i n  t h e  p a c k i n g  o f  t h e  s p e c im e n  h o l d e r .
T h e  p e r c e n t a g e  o f  f r e e  a r s e n i c  w a s  e s t im a t e d  t o  b e  a s  h i g h  a s  
2 1 % a t  5 0 0 ° C  ( T a b le  2 , 1 ) ,  a f t e r  w h ic h  a r s e n i c  w a s  n o t  d e t e c t e d .  T h i s  
m e a n s  a l l  t h e  o u t - d i f f u s i n g  a r s e n i c  e v a p o r a t e d  o u t  t o  t h e  o t h e r  e n d  o f  
t h e  t u b e .  T h e  p e r c e n t a g e s  o f  o u t - d i f f u s i n g  a r s e n i c  o b t a i n e d  h e r e  a r e  
o b v i o u s l y  l e s s  t h a n  t h e  r e a l  v a l u e s ,  a s  som e  s m a l l  a m o u n t  o f  a r s e n i c  
e v a p o r a t e d  t o  t h e  o t h e r  e n d  o f  t h e  t u b e .  D i s l o c a t i o n  d e n s i t i e s  o b t a i n e d  
i n  T a b le  2 . 1  a l s o  s h o w e d  a  d e c r e a s in g  t e n d e n c y  w i t h  t h e  e l e v a t i o n  o f  
t e m p e r a t u r e .
F i g .  2 , 5  s h o w s  t h e  v a r i a t i o n  o f  m i c r o s t r a i n  a n d  c r y s t a l l i t e  s i z e  
w i t h  t e m p e r a t u r e .  T h e  o r i g i n a l  v a l u e  o f  c r y s t a l l i t e  s i z e  w a s  a b o u t  
2 5 0  $ ,  T h e  r a t e  o f  m i c r o s t r a i n  r e l i e f  i n c r e a s e d  b e lo w  4 0 0 ° C  w i t h  l i t t l e  
i n c r e a s e  i n  c r y s t a l l i t e  s i z e .  A b o v e  4 0 0 ° C  t h e  m i c r o s t r a i n  s h o w e d  l i t t l e  
c h a n g e  w h i l e  t h e  c r y s t a l l i t e  s i z e  i n c r e a s e d  l i p  t o  t e n  t im e s  t h e  o r i g i n a l  
v a l u e .
2 , 6  D i s c u s s i o n
H e a v y  b a l l  m i l l i n g  a n d  s u b s e q u e n t  a n n e a l i n g  w e r e  a p p l i e d  t o  s i n g l e  
c r y s t a l s  o f  G aA s i n  o r d e r  t o  o b t a i n  i n f o r m a t i o n  a b o u t  c h a n g e s  d u e  t o  
a n n e a l i n g .  T h is  c a n  b e  u s e d  t o  c o m p a re  w i t h  t h e  r e s u l t s  o b t a i n e d  f r o m  
h e a v y  d a m a g e d  G aA s b y  i o n  i m p l a n t a t i o n  u n d e r  t h e  s a m e  a n n e a l i n g  
c o n d i t i o n s .  D i s l o c a t i o n  l o o p s  a n d  n e t  w o r k s  a f t e r  a n n e a l i n g  w e r e  f o u n d  
p r e v i o u s l y  o n  i o n  i m p la n t e d  G aAs b y  u s i n g  T E M .5 , 9  Som e v a lu e s  f o r  
d i s l o c a t i o n  d e n s i t i e s  a t  6 0 0 ° C  w e r e  e s t im a t e d 3 a n d  t h e s e  a r e  f o u n d ,  t o  
b e  q u i t e  s i m i l a r  t o  t h e  v a l u e s  o b t a i n e d  i n  t h i s  w o r k  ( T a b le  2 . 1 )  u s i n g  
X - r a y  d i f f r a c t i o n  m e th o d s .  T h e  r e s u l t s  f r o m  X - r a y  m e th o d s  s u g g e s t  t h a t
d e c o m p o s i t i o n  t a k e s  p l a c e  a t  l o w e r  t e m p e r a t u r e  a n d  o x i d a t i o n  o f  g a l l i u m  
o c c u r s  e v e n  i n  e v a c u a t e d  t u b e s  a n d  m a y  e v e n t u a l l y  s t o p  t h e  r e c r y s t a l ­
l i s a t i o n  o f  d a m a g e d  G aAs p o w d e r .  H o w e v e r ,  t h e  r e s u l t s  o b t a i n e d  i n  t h i s  
w o r k  w o u ld  b e  m o re  a p p l i c a b l e  t o  t h e  r e m o v a l  o f  m e c h a n ic a l  d a m a g e  d u e  t o  
c u t t i n g  a n d  p o l i s h i n g  t h a n  t o  i m p l a n t a t i o n  d a m a g e , I t  s h o u l d  a l s o  b e  
b o r n e  i n  m in d  t h a t  t h e  s p e c im e n s  i n v e s t i g a t e d  h e r e  w e r e  i n  p o w d e r  f o r m ,  
w h i l e  t h o s e  o f  t h e  i m p l a n t a t i o n  w o r k  a r e  i n  s i n g l e  c r y s t a l  f o r m .
T h e  p r o p e r t i e s  o f  s m a l l  a n d  h i g h l y  d e f o r m e d  c r y s t a l s  i n  s u c h  f i e l d s
a s  s i n t e r i n g  a n d  c a t a l y s i s  h a v e  b e e n  s t u d i e d  i n  t h e  p a s t .  T h e s e  g i v e  a
c e r t a i n  a m o u n t  o f  i n f o r m a t i o n  o n  t h e  b e h a v io u r  o f  som e m a t e r i a l s  u n d e r
c o n d i t i o n s  o f  h e a v y - b a l l - m i l l i n g  a n d  s u b s e q u e n t  a n n e a l i n g .  Som e w o r k
h a s  b e e n  c a r r i e d  o u t  o n  m a t e r i a l s  s u d i  as  a l u m i n a , 1' t u n g s t e n  c a r b i d e ,
2
g e r m a n iu m ,  s i l i c o n .  V a lu e s  o f  c r y s t a l l i t e  s i z e s  a n d  m i c r o s t r a i n s  f o r
t h e s e  m a t e r i a l s  a r e  c o m p a r e d  w i t h  t h a t  o f  G aA s i n  T a b le  2 . 2 , T h e  v a l u e s
o f  t h e i r  m e t l i n g  p o i n t s  a r e  a l s o  i n c l u d e d ,  t h e s e  b e in g  o b t a i n e d  f r o m  
11
K a y e  a n d  L a b y .  T h e  m e l t i n g  p o i n t  o f  G aAs i s  o b t a i n e d  f r o m  t h e  G a -A s  
p h a s e  d i a g r a m , 1-2
F i g .  2 , 5  a n d  T a b le  2 . 2  s h o w  t h a t  t h e  b e h a v io u r  r e g a r d i n g  t h e  
r e m o v a l  o f  s t r e s s  a n d  s t r a i n  o f  d a m a g e d  G aAs a n d  i t s  g r a i n  g r o w t h  a f t e r  
h e a t  t r e a t m e n t s  i s  s i m i l a r  t o  t h o s e  o f  s i l i c o n ,  g e r m a n iu m  a n d  a l u m in a ,  
a l t h o u g h  s i l i c o n  d o e s  r e q u i r e  r a t h e r  h i g h  t e m p e r a t u r e s  f o r  c r y s t a l  g r o w t h .  
I t  a p p e a r s  t h a t  t h e  t e m p e r a t u r e  f o r  t h e  r e m o v a l  o f  s t r a i n  a n d  i n c r e a s e  o f  
c r y s t a l  s i z e  o n  a n n e a l i n g  r e l a t e  t o  t h e  m e l t i n g  p o i n t s  o f  t h e  m a t e r i a l s .  
N o n e  o f  t h e s e  m a t e r i a l s  ( s i l i c o n ,  e t c . )  w e r e  a f f e c t e d  b y  t h e r m a l  
d e c o m p o s i t i o n  a s  s e v e r e l y  a s  w a s  G a A s .
Table 2.2
A n n e a l i n g  c h a r a c t e r i s t i c s  o f  v a r i o u s  m a t e r i a l s  a f t e r  b a l l - m i l l i n g
- • - 4 4 -
S t r a i n
t e m p e r a t u r e
° C
C r y s t a l  s iz e ,  
t e m p e r a t u r e
° C
S t r a i n
C r y s t a l  s i z e  
o  
A
M e l t i n g  p o i n t s  
° C
Ge 2 : 5 0 0 5 0 0 4  x  1 0 “ 3 4 0 0 9 5 8  .
GaAs 3 0 0 4 0 0 8 x  1 0 “ 3 2 5 0 1 2 4 0
2  ;
S i ' 6 5 0 1 1 0 0 4  x  1 0 “ 3 4 0 0 1 4 1 0
A 1 2 ° 3
8 0 0 1 1 0 0 6 . 8  x  1 0 " 3 3 0 0 2 0 2 4
w c  ■2  . 1 1 0 0 1 3 0 0 9  x  1 0 “ 3 1 5 0 2 8 7 0
S t r a i n  t e m p e r a t u r e  =  t e m p e r a t u r e  t o  r e l i e v e  s t r a i n  t o  h a l f  t h e  m a x im u m  v a l u e .
C r y s t a l  s i z e  t e m p e r a t u r e  = t e m p e r a t u r e  t o  d o u b le  t h e  c r y s t a l  s i z e .
S t r a i n  a n d  c r y s t a l  s i z e  =  v a l u e s  a t t a i n e d  a f t e r  h e a v y  b a l l - m i l l i n g .
1 * D ,  L e w is  a n d  E ,  J .  W h e e le r ,  J .  M a t e r ,  S c i ,  £  ( 1 9 6 9 ) ,  p , 6 8 1 ,
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6 ,  C . N .  J .  W a g n e r  a n d  E ,  N „ A q u a ,  A d v a n c e s  i n  X - r a y  a n a l y s i s  _7 
(1964), p.46,
7 , C* N ,  J .  W a g n e r ,  ’ ’ L o c a l  A t o m ic  A r r a n g e m e n t s  b y  X - r a y  D i f f r a c t i o n ” , 
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C o n s t a n t s  a n d  s o m e  M a t h e m a t i c a l  F u n c t i o n s ”  (L o n g m a n s ,  1 9 6 6 ) ,
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CHAPTER 3
R-IEED a p p a r a t u s ,  s p e c im e n  p r e p a r a t i o n  a n d  
i m p l a n t a t i o n  a p p a r a t u s
3 . 1  I n t r o d u c t i o n
R u t h e r f o r d  B a c k  S c a t t e r i n g  i s  g e n e r a l l y  s u i t a b l e  f o r  t h e  s t u d y  o f  
i o n  im p la n t e d  s e m ic o n d u c t o r s ,  a n d  h a s  b e e n  u s e d  b y  m a n y  w o r k e r s .  H o w e v e r ,  
i t .  h a s  t h e  l i m i t a t i o n s  o f  b e i n g  a  s p e c t r o s c o p i c  m e th o d  a n d  t h e  d e p t h  
r e s o l u t i o n  i s  o n l y  2 0 0  X .  T h e  c r y s t a l  m a y  a l s o  b e  d a m a g e d  b y  t h e  p r o t o n  
o r  h e l i u m  io n s  w h i c h  m a y  t h e n  b e  c o n f u s e d  w i t h  t h e  i o n  i m p l a n t a t i o n  
d a m a g e  i n  t h e  c r y s t a l . R e c e n t l y  t h e  R e f l e c t i o n  H ig h  E n e r g y  E l e c t r o n  
D i f f r a c t i o n  (R H EED ) m e th o d  w a s  t r i e d  ( G r a v e n o r )  ^  a s  a  m e th o d  f o r  
i n v e s t i g a t i n g  s u r f a c e  d a m a g e . I t  h a s  s o m e  a d v a n ta g e s  o v e r  t h e  R u t h e r f o r d  
b a c k  s c a t t e r i n g  m e t h o d ,  s u c h  a s  t h e  p e n e t r a t i o n  o f  t h e  e l e c t r o n s  b e in g  
l e s s  t h a n  5 0  X ,  t h e  i n t e r p r e t a t i o n  o f  t h e  RHEED p a t t e r n s  b e in g  v e r y  
s i m i l a r  t o  t h o s e  o f  T r a n s m i s s i o n  E l e c t r o n  D i f f r a c t i o n ,  a n d  t h e  m e th o d  
o f  i n v e s t i g a t i o n  h a v in g  t h e  a d v a n t a g e  o f  c a u s in g  n o  d a m a g e  t o  t h e  c r y s t a l .  
T h e r e f o r e  t h e  RHEED t e c h n iq u e  h a s  b e e n  s e l e c t e d  a s  t h e  m a in  m e th o d  u s e d  
t o  i n v e s t i g a t e  s u r f a c e  d a m a g e  i n  t h i s  p r o j e c t .
3 . 2  RHEED a p p a r a t u s
. E x p e r im e n t s  u s i n g  t h e  e l e c t r o n  d i f f r a c t i o n  m e th o d  w e r e  f i r s t  c a r r i e d
2  3
o u t  i n  1 9 2 7  b y  D a v is s o n  a n d  G e n m e r ,  a n d  T h o m s o n  a n d  R e id .  I n  D a v is s o n
a n d  G e r m e r 's  m e t h o d ,  t h e  e l e c t r o n s  o f  3 0 - 1 0 0  e V  w e r e  b a c k - r e f l e c t e d  b y  a
f e w  a t o m ic  l a y e r s  o n  t h e  s u r f a c e  o f  t h e  c r y s t a l .  T h o m s o n  a n d  R e id  l a t e r
u s e d  t h e  t r a n s m i s s i o n  t e c h n i q u e ,  w i t h  a  g a s  d i s c h a r g e  t u b e  a s  a n  e l e c t r o n
s o u r c e .  ‘ T h e  e n e r g y  o f  t h e  e l e c t r o n  w a s  1 0 - 6 0  k e V ,  a n d  t h e  p e n e t r a t i o n  o f
o
t h e  e l e c t r o n  b e a m  w a s  a b o u t  1 0 0 0  A .  A  g r e a t  im p r o v e m e n t  t o  T h o m s o n 's
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c a m e ra  w a s  t h e  i n t r o d u c t i o n  o f  a  m a g n e t i c  f o c u s s i n g  l e n s  b y  L e b e d e f f , 4
a n d  a  f u r t h e r  im p r o v e m e n t  w a s  t h e  u s e  o f  a n  e l e c t r o n  g u n  i n s t e a d  o f  t h e
g a s  d i s c h a r g e  t u b e .  T h e  r e s o l u t i o n  o f  t h e  e l e c t r o n  d i f f r a c t i o n  c a m e r a
5
w a s  g r e a t l y  im p r o v e d  b y  C o w le y  a n d  R e e s ,  w h o  d e s ig n e d  m o r e  s t a b l e
e l e c t r i c a l  s u p p l i e s  a n d  a l i g n m e n t  o f  t h e  e l e c t r o n - o p t i c a l  s y s t e m .  T h e
e n e r g ie s  o f  t h e  e l e c t r o n s  w e r e  1 0 - 1 2 0  k e V ,  a n d  t h e  p e n e t r a t i o n  m i g h t  b e
u p  t o  2 0 0 0  X .  T h e  s c o p e  o f  t h e  e l e c t r o n  d i f f r a c t i o n  t e c h n iq u e  w a s  g r e a t l y
e x t e n d e d  b y  t h e  d i s c o v e r y  o f  N i s h i k a w a  a n d  K i k u c h i 5 i n  1 9 2 8 ,  t h a t
d i f f r a c t i o n  p a t t e r n s  c o u l d  b e  o b t a i n e d  u s i n g  e l e c t r o n s  r e f l e c t e d  f r o m  t h e
s m o o th  s u r f a c e  o f  a  s p e c im e n  i n c l i n e d  a t  a  f e w  d e g r e e s  t o  t h e  i n c i d e n t
e l e c t r o n  b e a m . T h e  t e c h n iq u e  w a s  l a t e r  c a l l e d  R e f l e c t i o n  H ig h  E n e r g y
E l e c t r o n  D i f f r a c t i o n  (R H E E D ). RHEED p a t t e r n s  c o n t a i n  o n l y  h a l f  t h e
i n f o r m a t i o n  o f  t r a n s m i s s i o n  e l e c t r o n  d i f f r a c t i o n  p a t t e r n s ,  a s  t h e  o t h e r
h a l f  o f  t h e  p a t t e r n  i s  c o v e r e d  b y  t h e  s h a d o w  f r o m  t h e  s p e c im e n .  T h e
p e n e t r a t i o n  o f  t h e  e l e c t r o n s  b y  a  g l a n c i n g  a n g le  o f  1 - 2 °  d e p e n d s  o n  t h e
-6
e n e r g i e s ;  f o r  3 0 - 6 0  k e V  t h e  p a t h s  a r e  5  t o  1 0  x  1 0  c m , a n d  t h e  p e n e t r a t i o n
_  7  7
w i l l  b e  f r o m  2  t o  4  x  1 0  cm  ( P i n s k e r ) .
T h e  RHEED a p p a r a t u s  i n  t h e  D e p a r tm e n t  o f  C h e m ic a l  P h y s i c s ,  U n i v e r s i t y  
o f  S u r r e y ,  w a s  b u i l t  f o r  i o n  i m p l a n t a t i o n  s t u d i e s  a l o n g  t h e  l i n e s  r e c o m -
O
m e n d e d  b y  K e h o e .  T h e  b e s t  c o n d i t i o n s  f o r  w o r k  w e r e  f o u n d  t o  b e  3 5  k e V  i n  
e n e r g y  and. 1 5 - 3 0  p A  i n  c u r r e n t .  T h e  p i c t u r e  a n d  t h e  d i a g r a m  o f  t h e  RHEED 
c a m e r a  a r e  s h o w n  i n  F i g s .  3 . 1  a n d  3 . 2 ' r e s p e c t i v e l y .
A  RHEED a p p a r a t u s  c o n s i s t s  o f  e s s e n t i a l l y :
( a )  e l e c t r o n  s o u r c e
( b )  d e f l e c t i o n  c o i l
( c )  c o n d e n s e r  l e n s
( d )  s p e c im e n  h o l d e r
( e )  d e t e c t o r s
( f )  p u m p in g  s y s t e m
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F ig .  3*1 RHEED a p p a r a tu s .
F.C = F ila m e n t cham ber, D.C = D e f l e c t io n  c o i l
C.L = C on d en ser l e n s ,  S.C  = Specim en  chamber
S.M = Specim en  m a n ip u la to r , V.P = V iew in g  p o r t
H.T = H igh t e n s io n  u n i t .

T h e  e l e c t r o n  s o u r c e  c o n s i s t s  o f  a  f i l a m e n t  m ad e  o f  v e r y  p u r e  
t u n g s t e n  w i r e  o f  0 e0 0 5 ”  d i a m e t e r .  I t  i s  b e n t  i n t o  a  h a i r p i n  s h a p e  
a n d  c r im p e d  i n t o  t h e  tw o  s t e e l  r o d s  o f  1 / 1 6 "  d i a m e t e r  w h i c h  a r e  
p l u g g e d  i n t o  t h e  f i l a m e n t  h o l d e r .  T h e  c a t h o d e  s h i e l d  s u r r o u n d s  t h e  
f i l a m e n t  a s s e m b ly  e x c e p t  f o r  a  s m a l l  h o l e  n e a r  t h e  t i p  o f  t h e  
f i l a m e n t .  T h e  c a t h o d e  i s  k e p t  a t  b i a s  p o t e n t i a l  w h ic h  i s  n e g a t i v e  
w i t h  r e s p e c t  t o  t h e  f i l a m e n t .
H ie  f i l a m e n t  i s  h e a t e d  b y  p a s s in g  a  c u r r e n t  o f  a  f e w  a m p e re s  
t h r o u g h  i t ,  s o  t h a t  t h e r m i o n i c  e m i s s io n  t a k e s  p l a c e .  T h e  e l e c t r o n s  
a r e  a c c e l e r a t e d  d o w n  th e .  c o lu m n  b y  a  p o t e n t i a l  o f  3 0 - 4 0  k V  a p p l i e d  
b e t w e e n  t h e  e l e c t r o n  g u n  a n d  t h e  c a m e r a  b o d y .  T h e  a c c e l e r a t i n g  
v o l t a g e  i s  o b t a i n e d  f r o m  a  ’ B r a n d e n b u r g ’ v o l t a g e  m u l t i p l i e r  w h ic h  
g i v e s  a  d c  o u t p u t  f r o m  0  t o  1 0 0  k V  a t  a  c u r r e n t  o f  1  m A .
( b )  D e f l e c t i o n  c o i l s
T h e  d e f l e c t i o n  c o i l s  c o n s i s t  o f  tw o  p a i r s  o f  d e f l e c t o r  c o i l s  
a n d  a n  i r o n  c o r e .  T h e y  a r e  s u p p l i e d  w i t h  c u r r e n t  f r o m  a n  a c c u m u la t o r  
o f  6  V .  T h e s e  c o i l s  h e l p  i n  a l i g n i n g  t h e  b e a m , as. t h e  f i l a m e n t  t i p  
i s  n o t  u s u a l l y  a t  t h e  c e n t r e  o f  t h e  s m a l l  h o l e  o f  t h e  c a t h o d e  a n d  t h e  
e l e c t r o n  b e a m  i s  t h u s  n o t  i n  t h e  c e n t r e  o f  t h e  s c r e e n .  B y  a d j u s t i n g  
t h e  c u r r e n t  p a s s i n g  t h r o u g h  t h e  c o i l s  t h e  b e a m  c a n  b e  b r o u g h t  i n t o  
t h e  s c r e e n  c e n t r e .
( c )  C o n d e n s e r  l e n s '
• T h e  c o n d e n s e r  l e n s  c o n s i s t s  o f  a  l a r g e  c o i l  m o u n te d  o n  a  t h r e e  
p o i n t  t i l t a b l e  t a b l e  a n d  c a n  b e  m o v e d  u p  a n d  d o w n  t h e  c o lu m n .  T h e
(a.) Electron source
l e n s  h a s . n o  c o r e  o r  p o l e  p i e c e s . a n d  h a s  a  s t r e n g t h  o f  1 0 0 0  a m p - t u r n s ,
T h e  p o w e r  s u p p l y  i s  f r o m  a  'V a n  d e r  H e e m ’ s t a b i l i s e d  s u p p l y  u n i t .
T h e  v o l t a g e  v a r i e s  f r o m  0  t o  3 5 0  V  d c  a n d  t h e  c u r r e n t  i s  u p  t o  1 5 0  m A . 
S u i t a b l e  w o r k i n g  v a l u e s  a r e  1 5 5  V  a t  4 2  mA w h e n  t h e  H T i s  3 5  k W  T h e  
c o n d e n s e r  l e n s  i s  u s e d , f o r  f o c u s s i n g  t h e  b e a m  i n t o  a  s m a l l  a r e a  a n d  
g i v e s  c o r r e s p o n d i n g l y  h i g h  i n t e n s i t y .
( d )  S p e c im e n  h o l d e r
T h e  s p e c im e n  h o l d e r  c o n s i s t s  o f  a  b r a s s  s c r e w  c la m p  m o u n te d  o n  a
r a c k  a n d  p i n i o n  a s s e m b ly  t o  p r o v i d e  t r a n s l a t i o n a l  a n d  r o t a t i o n a l
m o t io n s  . T h e  h o l d e r  i s  h e l d  i n  p o s i t i o n  b y  v a c u u m .
( e )  D e t e c t o r s
T h e  f l u o r e s c e n t  s c r e e n  o n  w h ic h  t h e  d i f f r a c t i o n  p a t t e r n  c a n  b e  
o b s e r v e d  l i e s  p e r p e n d i c u l a r  t o  t h e  b e a m . T h e  s c r e e n  c a n  b e  m o v e d  o u t  
o f  t h e  w a y  s o  t h a t  t h e  p a t t e r n s  c a n  b e  r e c o r d e d  o n  p h o t o g r a p h i c  
p l a t e s .  I l f o r d  EM 6 p l a t e s  o f  3% x  2 | "  a r e  u s e d  f o r  r e c o r d i n g .
( f )  P u m p in g  s y s t e m
A  r o t a r y  p u m p  a n d  a n  o i l  d i f f u s i o n  p u m p  a r e  e m p lo y e d .  T h e  
v a c u u m  i n  t h e  c a m e r a  i s  t y p i c a l l y  IO ” 4 t o  IO - 5  t o r r .  T h e  p r e s s u r e  i s  
l o w e r  i f  t h e  o i l  i s  t r a p p e d  b y  l i q u i d  n i t r o g e n .
3 . 3  D e t e r m i n a t i o n  o f  i n t e r p l a n a r  s p a c in g  " d "
E l e c t r o n s  c a n  b e  d i f f r a c t e d  b y  a  c r y s t a l  i n  a  s i m i l a r  m a n n e r  t o  
X - r a y s ,  T h e  w a v e le n g t h  o f  t h e  e l e c t r o n s  d e p e n d s  o n  t h e  a c c e l e r a t i n g  
v o l t a g e ,  w h ic h  c a n  b e  c a l c u l a t e d  u s i n g  t h e , a p p r o x im a t e  f o r m u l a
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X (3 ,1 )
w h e r e
X ~ w a v e le n g t h  o f  t h e  e l e c t r o n s  i n  X
V  = a c c e l e r a t i n g  v o l t a g e  i n  v o l t s
F i g .  3 . 3  s h o w s  t h a t  t h e  e l e c t r o n s  a r e  i n c i d e n t  a n d  r e f l e c t e d  a t  
a n  a n g le  M0”  t o  t h e  p l a n e s  o f  a to m s  w i t h  i n t e r p l a n a r  s p a c in g  Md M . 
S t r o n g  r e f l e c t i o n s  o c c u r  i f  B r a g g ’ s  e q u a t i o n ,
i s  s a t i s f i e d ,  w h e r e  X =  w a v e le n g t h  o f  t h e  e l e c t r o n .  I f  t h e  s p e c im e n  
i s  a  p o l y c r y s t a l l i n e  m a t e r i a l ,  t h e  d i f f r a c t e d  b e a m , w h ic h  i s  a t  a n  
a n g le  2 9  f r o m  t h e  i n c i d e n t  d i r e c t i o n ,  w i l l  f o r m  a  c o n e  o f  s e m i - a n g le  
2 9 , a n d  f a l l s  o n  a  p h o t o g r a p h i c  p l a t e  i n  a  c i r c l e  o f  r a d i u s  R  ( s e e  
F i g ,  3 . 3 ) ,  s u c h  t h a t
w h e r e  L  =  s p e c im e n  t o  p l a t e  d i s t a n c e .
T h e  a n g le  2 0  i n  e l e c t r o n  d i f f r a c t i o n  i s  s o  s m a l l  t h a t  t a n  2 0  <  2 0  
a n d  S i n  0 , «  0 , B y  e l i m i n a t i n g  0 i n  ( 3 . 2 )  a n d  ( 3 . 3 ) ,
I f  X L  ( c a m e r a  c o n s t a n t )  i s  k n o w n  a n d  R  c a n  b e  m e a s u r e d  d i r e c t l y  
f r o m  t h e  p h o t o g r a p h i c  p l a t e ,  " d "  c a n  b e  c a l c u l a t e d .  I f  t h e  s p e c im e n  
i s  a  s i n g l e  c r y s t a l ,  t h e  d i f f r a c t e d  b e a m  w i l l  f o r m  e i t h e r  a  s t r e a k  o r  
a  s p o t ,  d e p e n d in g  o n  t h e  r o u g h n e s s  o f  t h e  s p e c im e n  s u r f a c e .
2 d  S i n  0  =  X ( 3 . 2 )
R /L  =  t a n  2 0 ( 3 . 3 )
R d  =  XL ( 3 . 4 )
- 53-
Fig. 3«3 Reflection of an electron beam.
T h e  m o s t  i m p o r t a n t  f a c t o r  i n  t h e  i n t e r p r e t a t i o n  o f  RHEED p a t t e r n s
i s  t h e  c a m e ra  c o n s t a n t *  T h e r e f o r e  a t t e m p t s  t o  c a l i b r a t e  t h e  c a m e r a
c o n s t a n t  f r o m  k n o w n  m a t e r i a l s  w e r e  c a r r i e d  o u t .  V a c u u m  d e p o s i t i o n  o f
g o l d  o n  a  p i e c e  o f  G aAs w a s  f i r s t  t r i e d .  T h e  RHEED p a t t e r n  s h o w e d  v e r y
b r o a d  r i n g s  o f  g o l d ,  B y  u s i n g  " d M v a lu e s  o f  g o l d  f r o m  t h e  P o w d e r
D i f f r a c t i o n  F i l e  (A S TM ) a n d  k n o w in g  t h e  r a d i i  o f  t h e  r i n g s  f r o m  t h e
p a t t e r n s ,  a  s e r i e s  o f  X L  v a l u e s  w a s  o b t a i n e d  u s i n g  e q u a t i o n  3 . 4 .
V a c u u m  d e p o s i t i o n  o f  t h a l l i u m  c h l o r i d e  (T£Cj?,) o n  G aAs w a s  t r i e d  l a t e r ,
9
a s  s u g g e s t e d  i n  R y m e r ,  A  RHEED p a t t e r n  w a s  o b t a i n e d  w h ic h  g a v e  v e r y  
s h a r p  r i n g s  ( F i g ,  3 . 4 ) ,  A  s e r i e s  o f  XL v a l u e s  w a s  o b t a i n e d  w i t h ,  t h e  
r i n g s  d u e  t o  T&C& b y  t h e  sam e m e th o d  a s  w i t h  g o ld .  T h e  a v e r a g e  c a m e ra  
c o n s t a n t  (X L )  w a s  c a l c u l a t e d  t o  b e  2 4 , 9 7 3  m m -R .
5*4 Camsra constant of the I+IEED apparatus
3 . 5
( 1 1 0 )  o r i e n t e d  s l i c e s  o f  1 mm t h i c k  w e r e  c u t  f r o m  b u l k  g ro w n  
G aAs s u p p l i e d  b y  M i n i n g  & C h e m ic a l  P r o d u c t s  L t d ,  A  r o t a r y  d ia m o n d  
w h e e l  w a s  e m p lo y e d .  M e c h a n ic a l  d a m a g e  p r o d u c e d  b y  t h e  d ia m o n d  w h e e l  
w a s  r e m o v e d  b y  e t c h i n g  o f f  * 2 5  nun t h i c k  u s i n g  5 % B r / m e t h a n o l .  O ne  
f a c e  o f  t h e  s p e c im e n  w a s  p o l i s h e d  o n  a  H y p  r o  c e l  P e l l o n  p a d  i n  1 - 2 % 
B r / m e t h a n o l .  A f t e r  p o l i s h i n g ,  t h i s  f a c e  w a s  t h e n  r e a s o n a b l y  s m o o th  
a n d  s h i n y .  T h e  s p e c im e n s  w e r e  a g a i n  , e t c h e d  i n  a  r o t a t i n g  b e a k e r  
s y s t e m  u s i n g  0 , 5 % B r / m e t h a n o l ,  T h e y  w e r e  n o w  b e l i e v e d  t o  h a v e  n o  
d e t e c t a b l e  da m ag e  a n d  t o  b e  r e a d y  f o r  i m p l a n t a t i o n .  T h e  s p e c im e n s  
w e r e  f i n a l l y  c u t  i n t o  4  x  4  mm a f t e r  i m p l a n t a t i o n .
3 . 5 . 1  C h e m ic a l  e t c h  o f  G aA s f o r  RHEED
T h e  RIBBED t e c h n iq u e  i s  v e r y  s e n s i t i v e  t o  t h e  p r e s e n c e  o f  
i m p u r i t i e s  o n  t h e  s u r f a c e ,  s o  t h a t  a n y  c o n t a m in a t i o n  o n  t h e  s u r f a c e ,
F i g .  3 . 4  RHEED p a t t e r n  o f  T h a l l i u m  C h l o r i d e
s u c h  a s  g r e a s e ,  c a n  c o n f u s e  t h e  p a t t e r n s .  T o  e t d i  o r  c l e a n  t h e
s u r f a c e  o f  G aAs f o r  R H E E D , t h e r e f o r e ,  r e q u i r e s  t h a t  a n y  s o l u t i o n s
u s e d  m u s t  le a v e  n o  c o n t a m i n a t i o n  o n  t h e  s u r f a c e .  M a n y  e t c h a n t s  w e r e
t r i e d  o n  a  p i e c e  o f  s i n g l e  c r y s t a l  G aA s i n c l u d i n g  t h e  s o l u t i o n
in
1 H 2SO i+ + 1 H 20 2 +  2 5 0 H 20  o f  H e m m e n t a n d  e x a m in e d  b y  R H EED, T h e
p a t t e r n s  s h o w e d  t h a t  t h e r e  w a s  a lw a y s  a  t h i n  f i l m  w h ic h ,  c o n f u s e d  t h e
p a t t e r n  o f  s i n g l e  c r y s t a l  G a A s , F i n a l l y ,  a  s o l u t i o n  0 . 1  o f  b r o m in e
i n  m e t h a n o l  w a s  a p p l i e d  o n  G aAs a n d  c le a n e d  b y  HC ft . a n d  m e t h a n o l  
•r  '  c o n e11
o r  w a t e r  a f t e r  t h e  m e th o d  o f  A d a m s  a n d  P r u n ia u x .  H ie  RHEED 
p a t t e r n s  f r o m  t h i s  e t c h  s h o w e d  n o  d e t e c t a b l e  c o n t a m in a t i o n  a n d  t h e  
r a t e  o f  e t c h i n g  w a s  f o u n d  t o  b e  5 0  X  i n  a  f e w  s e c o n d s  f o r  n e w ly -  
p r e p a r e d  s o l u t i o n .  H o w e v e r ,  t h e  e t c h  r a t e  c a n  b e  c o n s id e r e d  a s  
c o n s t a n t  w i t h  4 - 5  h o u r s  u s e  i f  g r e a t  c a r e  i s  t a k e n .  E t c h  d e p t h  
m e a s u r e m e n t  w a s  c a r r i e d  o u t  u s i n g  a  R a n k  T a y l o r  H o b s o n  T a l y s t e p  
w h ic h  w i l l  b e  d e s c r i b e d  i n  a  l a t e r  s e c t i o n ,
3 , 5 , 2  E t c h i n g  p r o c e s s ,  a n d  e t c h  d e p t h  m e a s u r e m e n t
B e f o r e  e t c h i n g ,  i n  o r d e r  t o  k n o w  t h e  d e p t h  o f  t h e  r e m o v e d  l a y e r s ,
t h e  s p e c im e n  w a s  m a s k e d  a t  e v e r y  c o m e r  w i t h  b l a c k  w a x ,  l e a v i n g  t h e
c e n t r a l  p a r t  o f  t h e  s p e c im e n  t o  b e  e t c h e d .  T h e  b l a c k  w a x  w a s
n o r m a l l y  d i s s o l v e d  a w a y  b y  t o l u e n e , .  H i e  e t c h i n g  u n i t  c o n s i s t e d  o f
f o u r  b e a k e r s  c o n t a i n i n g  B r / m e t h a n o l ,  w a t e r ,  HCAc o n c  a n d  w a t e r  o r
m e t h a n o l  r e s p e c t i v e l y .  H ie  s p e c im e n  w a s  d i p p e d  a n d  a g i t a t e d ,  i n  t h e
f i r s t  b e a k e r  c o n t a i n i n g  B r / m e t h a n o l  f o r  t h e  r e q u i r e d  t im e  a n d  t h e n  t h e
e t c h a n t  w a s h e d  o f f  b y  w a t e r  i n  t h e  s e c o n d  b e a k e r  f o r  o n e  m in u t e .  H ie
s p e c im e n  w a s  c le a n e d  b y  HC& i n  t h e  t h i r d  b e a k e r  a n d  w a t e r  i n  t h e
r  '  c o n e  -
f o u r t h  b e a k e r  r e s p e c t i v e l y  f o r  o n e  m i n u t e  e a c h .  T h e  s p e c im e n  w a s  t h e n
l e f t  t o  d r y  a n d  w a s  t h e n  r e a d y  f o r  e x a m in a t i o n .
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A f t e r  c o m p le t i n g  t l i e  e x a m in a t i o n , '  t h e  b l a c k  w a x  a t  t h e  f o u r  
c o r n e r s  w a s  re m o v e d  u s i n g  t r i c h l o r o e t h y l e n e  a n d  m e t h a n o l .  T h e  m a r k e d  
a r e a s  s h o u l d  n o w  s h o w  p r o m i n e n t l y  a s  t h e y  h a d  n o t  b e e n  e t c h e d .  T h e  
d e p t h  o f  t h e  s t e p s  c o u ld  b e  m e a s u r e d  i n  t h r e e  p o s s i b l e  w a y s  a s  f o l l o w s .
( a )  Ch e m ic a l  a n a l y s i s  o f  t h e  e t c h e d  s o l u t i o n
T h e  a m o u n t  o f  g a l l i u m  a n d  a r s e n i c  t a k e n  o f f  c a n  b e  f o u n d  b y  u s i n g  
c h e m ic a l  a n a l y s i s  o f  t h e  u s e d  s o l u t i o n .  - T h i s  m e th o d  r e q u i r e s  a  v e r y  
s e n s i t i v e  b a la n c e  a n d  a  h i g h  s t a n d a r d  o f  c h e m ic a l  a n a l y s i s ,  t h e r e f o r e  
t h e  m e th o d  w a s  n o t  t r i e d ,
( b )  O p t i c a l  i n t e r f e r o m e t r y
A  m i c r o - c o v e r  g l a s s  w a s  p l a c e d  u p o n  t h e  s p e c im e n  w h ic h  i s  v ie w e d
u n d e r  a  m o n o c h r o m a t ic  l i g h t  s u c h  a s  a  s o d iu m  la m p  u s i n g  a  m ic r o s c o p e ,
12
T h is  m e th o d  i s  d e s c r i b e d  i n  d e t a i l  b y  T o la n s k y  a n d  i s  k n o w n  a s  tw o  
b e a m  i n t e r f e r o m e t r y .  T h e  i n t e r f e r e n c e  f r i n g e s  d e p e n d  o n  t h e  s m o o th n e s s  
o f  t h e  s u r f a c e .  I f  t h e  s u r f a c e  i s  s m o o th  t h e  f r i n g e s  w i l l  b e  s e e n  e v e n l y  
i n  s t r a i g h t  d a r k  a n d  l i g h t  b a n d s  r u n n i n g  a c r o s s  t h e  s a m p le  i n  o n e  
d i r e c t i o n .  I f  t h e r e  i s  a  s t e p  d u e  t o  t h e  d i f f e r e n c e  o f  t h e  h e i g h t  t h e  
s e p a r a t i o n  o f  t h e  f r i n g e s  w i l l  b e  d i s p l a c e d  ( F i g .  3 . 5 )  d u e  t o  t h e  
e x t r a  p a t h  l e n g t h  o n  t h e  l o w e r  l e v e l ,  T h e  c o v e r  g l a s s  c a n  b e  a d j u s t e d  
s o  t h a t  t h e  f r i n g e s  a r e  p e r p e n d i c u l a r  t o  t h e  e t c h  s t e p .  T h e  h e i g h t  o f  
t h e  s t e p  w h ic h  r e l a t e s  t o  t h e  f r i n g e  d i s p la c e m e n t  c a n  b e  c a l c u l a t e d  b y  
t h e  f o r m u l a :
, • -t . f r i n g e  d i s p la c e m e n t  w a v e le n g t h  
s t e p  h e i g h t  = s e p a r a t i S T  x   2 “ ^ “
F r i n g e  d i s p la c e m e n t  c a n  b e  m e a s u r e d  t o  0 . 1  o f  f r i n g e  s e p a r a t i o n .
I f  m o n o c h r o m a t ic  l i g h t  o f  w a v e le n g t h  5 0 0 0  X  i s  u s e d ,  t h e  s t e p  h e i g h t  i s
F r i n g e  s e p a r a t i o n
E t c h  s t e p
F r i n g e  d i s p l a c e m e n t
F i g .  3 * 5  D i s p la c e m e n t  o f  t h e  i n t e r f e r e n c e  f r i n g e s  d u e  t o  
e t c h  s t e p .
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i m p l a n t a t i o n  w o r k .  T h e  r e s o l u t i o n  o f  t h i s  m e th o d  c a n  b e  im p r o v e d  by-
u s i n g  a  s i l v e r e d  s u r f a c e  o n  t h e  s i d e  o f  t h e  m i c r o - c o v e r  g l a s s  f a c i n g
t h e  s p e c im e n .  T h e  f r i n g e s  a r e  s h a r p e r ,  a n d  t h i s  m e th o d  i s  c a l l e d
12
m u l t i p l e  b e a m  i n t e r f e r o m e t r y  ( T o l a n s k y ) , T h i s  c a n  m e a s u r e  d o w n  t o  
5 0  X  w h ic h  i s  a d q u a te  f o r  t h e  w o r k .  H o w e v e r ,  t h e  m e th o d  w a s  n o t  u s e d  
b e c a u s e  i t  i s  d i f f i c u l t  t o  s e t  u p  a n d  r e q u i r e s  c o n s i d e r a b l e  s k i l l  i n  
u s e ,
( c )  S u r f a c e  g a u g e ,,  R a n k  T a y l o r  H o b s o n  T a l y s t e p
A  t a l y s t e p  c o n s i s t s  o f  a  s t y l u s  w h ic h  c a n  b e  s c a n n e d  a c r o s s  t h e  
s t e p  o r  t h e  h e i g h t  o f  t h e  s p e c im e n  s u r f a c e .  V e r t i c a l  m o v e m e n t o f  t h e  
s t y l u s  w h e n  i t  s c a n s  a c r o s s  d i f f e r e n t  h e i g h t s  i s  a m p l i f i e d  
e l e c t r o n i c a l l y  a n d  r e c o r d e d  g r a p h i c a l l y  i n  s u i t a b l e  m a g n i f i c a t i o n .
T h e  r e s o l u t i o n  o f  t h e  t a l y s t e p  i s  a b o u t  5 o X . T h i s  m e th o d  w a s  f o u n d  
t o  b e  s u i t a b l e  a n d  a d e q u a te  f o r  t h e  w o r k ,  a n d  h a s  b e e n  u s e d  
s u c c e s s f u l l y  i n  t h e  E l e c t r o n i c  a n d  E l e c t r i c a l  E n g in e e r i n g  D e p a r tm e n t  
o f  t h e  U n i v e r s i t y  o f  S u r r e y .  H ie  m a in  d i f f i c u l t y  i n  u s i n g  t h e  
t a l y s t e p  i s  t h a t  t h e  s u r f a c e  o f  t h e  s p e c im e n  m u s t  b e  h o r i z o n t a l ,  s o  
t h a t  t h e  d i f f e r e n c e  i n  h e i g h t  c a n  b e  a c c u r a t e l y  m e a s u r e d . . T h is  
a d ju s t m e n t  m a y  t a k e  u p  t o  a n  h o u r  t o  c a r r y  o u t .
A l l  t h e  i m p l a n t a t i o n  o f  t h e  G aA s w a s  c a r r i e d  o u t  i n  t h e  
E l e c t r o n i c  a n d  E l e c t r i c a l  E n g in e e r i n g  D e p a r t m e n t ,  T h e  m a in  a c c e l e r a t o r  
u s e d  w a s  a  6 0 0  k V  h e a v y  i o n  a c c e l e r a t o r .  D ia g r a m s  a n d  p i c t u r e s  o f  t h i s  
e q u ip m e n t  a r e  l a i d  o u t  i n  F i g s , ' 3 . 6  a n d  3 , 7  r e s p e c t i v e l y .
T h e  h i g h  v o l t a g e  t e r m i n a l  c o n t a i n s  t h e  i o n  s o u r c e  a n d  a s s o c ia t e d  
p o w e r  s u p p l i e s .  T h e  i o n  s o u r c e  i s  a n  e v a p o r a t i o n  t y p e  w h ic h  c o m p r is e s
o250 A, which is not quite sufficient resolving power for ion
a n  e v a p o r a t i o n  f u r n a c e ,  a  c y l i n d r i c a l  i o n i s a t i o n  c h a m b e r  c o n t a i n i n g  
a - h e l i c a l  f i l a m e n t ,  a n d  a  c o n c e n t r i c  a n o d e  a n d  h e a t  s h i e l d .  T h e  h o t  
f i l a m e n t  s e r v e s  b o t h  t o  i o n i s e  a to m s  a n d  t o  h e a t  t h e  e v a p o r a t i o n  
f u r n a c e c I f  t h e  s o u r c e  m a t e r i a l  i s  g a s e o u s ,  a  n e e d le  v a l v e  i s  r e q u i r e d  
t o  c o n t r o l  t h e  f l o w  i n t o  t h e  i o n i s a t i o n  c h a m b e r .  I f  t h e  s o u r c e  m a t e r i a l  
i s  s o l i d ,  i t  i s  p l a c e d  i n  a  c y l i n d r i c a l  r o d  i n  t h e  f u r n a c e ,  w h e r e . i t  
m ay  b e  V a p o r i s e d .  A f t e r  i o n i s a t i o n  t h e  io n s  a r e  f o c u s s e d  b y  a  l e n s  a n d  
a c c e l e r a t e d  i n t o  t h e  a n a l y s i n g  m a g n e t  w h i c h ,  b y  m a ss  s e p a r a t i o n ,  a l l o w s  
■die r e q u i r e d  i s o t o p e  t o  b e  d i r e c t e d  d o w n  t h e  b e a m  l i n e .  T h e r e  a r e  tw o  
e x i t  p o r t s  o n  t h e  m a g n e t ,  o n e  a t  4 5 °  a n d  o n e  a t  9 0 °  ( s e e  F i g ,  3 . 6 ) .
T h e  t a r g e t  c h a m b e r  f o r  9 0 °  d e f l e c t i o n  i s .  a p p r o x im a t e l y  3  m d i s t a n t  f r o m  
t h e  m a g n e t .  T h e  v a c u u m  i n  t h e  t a r g e t  c h a m b e rs  i s  t y p i c a l l y  b e t w e e n
„ g *“*7
1 0  o r  1 0  t o r r .  B e c a u s e  t h e  d i a m e t e r  o f  t h e  b e a m  i s  o n l y  a b o u t  
3 - 5  mm, u n i f o r m  i r r a d i a t i o n  o f  a  t a r g e t  s p e c im e n  i s  o b t a i n e d  b y  s w e e p in g  
t h e  b e a m  u p  a n d  d o w n  a n d  a l s o  a c r o s s  t h e  s a m p le .
“ 61
- Fig. 3.6 Diagram of 600 kV~ heavy ion accelerator'
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(b)
Fig. 3*7 Implantation apparatus.
(a) High voltage terminal and accelerating tube
(b) Analysing magnet (h ) and two deflection lines.
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CHAPTER 4
4 »^ I n t r o d u c t i o n
D u r i n g  s p e c im e n  p r e p a r a t i o n ,  o u t l i n e d  i n  S e c t i o n  3 . 5 , t h e  c r y s t a l  
w a s  i n i t i a l l y  d a m a g e d  b y  c u t t i n g  a n d  p o l i s h i n g  b u t  i t  w a s  i n t e n d e d  t o  
re m o v e  t h e  d a m a g e  b y  e t c h i n g  a s  a l r e a d y  d e s c r i b e d  i n  C h a p t e r  3 . A  
s i n g l e  c r y s t a l  w a s  f i n a l l y  o b t a i n e d  i n  a  s q u a r e  o f  4  x  4  mm w i t h  t h e  
im p la n t e d  f a c e  s m o o th  a n d  s h i n y .  T h i s  p r o c e s s  i s  v e r y  im p o r t a n t  
b e c a u s e  a n y  r e s i d u a l  d a m a g e  l e f t  o n  t h e  s i n g l e  c r y s t a l  G aAs s p e c im e n  
c a n  g r e a t l y  a f f e c t  t h e  e l e c t r i c a l  p r o p e r t i e s  o f  t h e  c r y s t a l .  S e v e r a l  
w e l l - p r e p a r e d  u n im p la n t e d  s p e c im e n s  w e r e  e x a m in e d  b y  u s i n g  R H EED . T h e  
r e s u l t a n t  p a t t e r n s  s h o w e d  som e  r i n g s  p a s s i n g  t h r o u g h  t h e  s i n g l e  c r y s t a l  
s p o t s  ( F i g .  4 . 1 ) .  B y  m e a s u r in g  t h e  r a d i i  o f  t h e  r i n g s  a n d  u s i n g  
e q u a t i o n  3 . 4 , t h e  ’ d f v a l u e s  o f  t h e s e  r i n g s  w e r e  o b t a i n e d .  T h e y  
c o r r e s p o n d e d  t o  G a A s . T h u s ,  t h e  s i n g l e  c r y s t a l  s p o t s  b e lo n g e d  t o  
s i n g l e  c r y s t a l  G a A s . H ie  i n d e x i n g  o f  t h e  p a t t e r n  w a s  a l s o  s h o w n  i n  
F i g .  4 . 1 . T h i s  m a y  i n d i c a t e  t h a t ,  a l t h o u g h  t h e  s p e c im e n s  w e r e  w e l l  
p r e p a r e d ,  som e  r e s i d u a l  d a m a g e  w a s  s t i l l  d e t e c t e d  u s i n g  t h e  RHEED 
t e c h n iq u e ,  t h u s  t h e  d e f o r m a t i o n  p r o d u c e d  b y  c u t t i n g ,  e t c .  m a y  b e  
d e e p e r  t h a n  e x p e c t e d .  T h e  r e m o v a l  o f  t h e  d a m a g e  m a y  p r o v e  t o  l i e  a  
v e r y  i m p o r t a n t  p a r t  o f  t h e  i m p l a n t a t i o n  p r o c e s s .  T h e r e f o r e ,  i n  t h i s  
c h a p t e r ,  m e c h a n ic a l  d a m a g e  o f  t h e  t y p e  p r o d u c e d  b y  m a k in g  i m p l a n t a t i o n  
s p e c im e n s  w a s  s t u d i e d  u s i n g  t h e  RHEED t e c h n iq u e .
A study of mechanically damaged GaAs using RHEED
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Fig. 4*1 RHEED pattern of prepared single crystal GaAs,
1 = ( i l l )
2 = (111)
3 = (022)
4 = (222)
Indexing was carried out after Andrews et al,^
4 . 2 . 1  D am age p r o d u c e d  b y  u s e  o f  d ia m o n d  w h e e l
A  G aAs s l i c e  w a s  c u t  b y  a  d ia m o n d  w h e e l ,  b u t  n o t  g i v e n  a n y  f u r t h e r
t r e a t m e n t .  I t  w a s  t h e n  c u t  i n t o  a  4  x  4 mm s q u a r e  a n d  e x a m in e d  b y
R H EED, T h e  s u r f a c e  u n d e r  e x a m in a t i o n  w a s  g i v e n  a  s e r i e s  o f  e t c h e s
w i t h  0 . 1 % o f  t h e  B r / m e t h a n o l  a i d  c le a n e d  b y  HC& a n d  w a t e r .  A
'  c o n e
RHEED p a t t e r n  w a s  t a k e n  a f t e r  e v e r y  e t c h ,  a n d  t h e  e t c h i n g  t im e  n o t e d ,  
u n t i l  t h e  s i n g l e  c r y s t a l  p a t t e r n  o f  G aA s w a s  o b t a i n e d .  H ie  e t c h i n g  
t im e  c a i  b e  r e l a t e d  t o  e t c h  d e p t h  b y  e s t i m a t i n g  f r o m  t h e  a v e r a g e  e t c h  
r a t e  o f  t h e  s o l u t i o n  ("'TO O  X  i n  5  s e c o n d s  o b t a i n e d  f r o m  S e c t i o n  3 , 5 . 1 ) .  
Som e RHEED p a t t e r n s  o b t a i n e d  f r o m  t h e s e  e x p e r im e n t s  a r e  s h o w n  i n  
F i g .  4 . 2 .
4 . 2 . 2  D am age  p r o d u c e d  b y  p o l i s h i n g  w i t h  H y p r o c e l  P e l l o n  p a d s
A s p e c im e n  w a s  e x a m in e d  a f t e r  b e i n g  c u t  b y  t h e  d ia m o n d  w h e e l  a n d  
p o l i s h e d  o n  a  H y p r o c e l  P e l l o n  p o l i s h i n g  p a d  i n  B r / m e t h a n o l .  H y p r o c e l  
P e l l o n  p a d s  a r e  s t a n d a r d  p o l i s h i n g  p a d s  o b t a i n e d  f r o m  E n g is  L t d .  T h e  
da m a g e  a t  v a r i o u s  d e p t h s  f r o m  t h e  s u r f a c e  w a s  i n v e s t i g a t e d  u s i n g  RHEED 
a n d  t h e  e t d i i n g  m e th o d s  d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n .  Some o f  
t h e  RHEED p a t t e r n s  a r e  s h o w n  i n  F i g .  4 . 3 .
4 . 2 . 3  D am age p r o d u c e d  b y  f i n e  g r a d e  e m e r y  p a p e r
I n  t h i s  p a r t  o f  t h e  w ^ o rk , a  s i n g l e  c r y s t a l  s p e c im e n  w a s  c a r e f u l l y  
a b r a d e d  w i t h  f i n e  g r a d e  e m e ry  p a p e r s  f o r  1 0  m i n u t e s ,  u s i n g  w a t e r  a s  
t h e  l u b r i c a n t .  H ie  s p e c im e n s  w e r e '  t h e n  e x a m in e d  u s i n g  RHEED a n d  
e t c h i n g  t e c h n iq u e s  a s  i n  p r e v i o u s  s e c t i o n s .
4 c 2 Experimental detaits
(b)
Fig. 4*2 RHEED patterns of GaAs polished using a diamond wheel.
(a) Without removing the damage.
(b) After removing a layer of 600 $ by etching.
(a)
(b)
RHEED patterns cf GaAs polished with a Pellon pad.
(a) Before removing the damage.
(b) After removing the damage.
Indexing is the same as in Fig.
4.3 The measurement of dislocation densities
RHEED p a t t e r n s  o b t a i n e d  a s  d e s c r i b e d  i n  S e c t i o n  4 . 2 . 1  a n d
S e c t i o n  4 , 2 . 3  m o s t l y  c o n s i s t e d  o f  r i n g s 9 a r c s  a n d  s p o t s .  F ro m  t h e s e
o n e  m a y  c a l c u l a t e  t h e  d i s l o c a t i o n  d e n s i t i e s  u s i n g  t h e  m e th o d
2
d e s c r i b e d  b y  S a r k a r  a n d  T o w n e r  w i t h  t h e  f o l l o w i n g  e q u a t i o n :
t b (4.1)
w h e r e
p  =  d i s l o c a t i o n  d e n s i t y
0 =  a n g le  s u b t e n d e d  b y  t h e  a r c
b  «  B u r g e r s  v e c t o r  (  < H 0 > )
t  -  p a r t i c l e  s i z e
T h e  p a r t i c l e  s i z e s  i n  t h i s  w o r k  w e r e  c a l c u l a t e d  u s i n g  S c h e r r e r ’ s  
f o r m u l a
3  C o s  O
t =  j-  - (4.2)
w h e r e
3 «  i n t e g r a l  b r e a d t h  o f  t h e  s p o t  ( i n  r a d i a n )
0Q =  B r a g g  a n g le
X ~  w a v e le n g t h  o f  t h e  e l e c t r o n s
( 0 , 0 6 5  X  f o r  3 5  k V  u s i n g  e q u a t i o n  ( 3 , 1 ) )
T h e  ( 3 3 3 )  s p o t  w a s  s c a n n e d  u s i n g  a  J o y c e - L o b  e l  m i c r o  d e n s i t o m e t e r  
a n d  t h e  i n t e g r a l  b r e a d t h  w a s  c a l c u l a t e d  b y  t h e  s q u a r e  c o u n t i n g  m e th o d .
T h e  d i s l o c a t i o n  d e n s i t i e s  o b t a i n e d  w e r e  r e l a t e d  t o  t h e  d e p t h  i n  
T a b le  4 . 1 .
4 , 4  E s t i m a t i o n  o f  t h e  p e r c e n t a g e  o f  p o l y  c r y s t a l  l i n e  m a t e r i a l
T h e  ( 2 2 0 )  r i n g  a n d  s p o t  o f  t h e  p a t t e r n s  w e r e  s c a n n e d  u s i n g  t h e  
m ic r o d e n s i t o m e t e r .  H ie  r a t i o  o f  t h e  a r e a s  u n d e r  t h e  p e a k s  o f  t h e  r i n g  
t o  t h o s e  o f  t h e  s p o t  w e r e  e s t im a t e d  a n d  r e l a t e d  t o  t h e  s p e c im e n  d e p t h  
a s  s h o w n  i n  T a b le  4 , 2 .
T h e  r a t i o  o f  t h e  a r e a  o f  t h e  ( 2 2 0 )  r i n g  t o  t h e  ( 2 2 0 )  s p o t  w e r e  
c o n v e r t e d  i n t o  p e r c e n t a g e  o f  p o l y c r y s t a l l i n e  m a t e r i a l  p r o d u c e d  i n  s i n g l e  
c r y s t a l  m a t e r i a l  u s i n g  a  c a l i b r a t i o n  c u r v e  o b t a i n e d  f r o m  t h e  f o l l o w i n g  
e x p e r im e n t ,
A  f i n e  p o w d e r  o f  G aAs ( p a r t i c l e  s i z e  a b o u t  2 0 0  .X )  w a s  s p r i n k l e d  
e v e n l y  o n  v a r i o u s  G aAs s i n g l e  c r y s t a l s  u s i n g  d i f f e r e n t  a m o u n ts  o f  
p o w d e r  o n  e a c h  c r y s t a l .  F iv e  s a m p le s  w e r e  m ade  a n d  RHEED p a t t e r n s  w e r e  
t a k e n  w i t h  t h e  [ 1 1 0 ]  p a r a l l e l  t o  t h e  e l e c t r o n  b e a m . T h e  p i c t u r e s  o f  
t h e  s u r f a c e s  o f  t h e  s a m p le s  w e r e  t a k e n  u s i n g  a  S c a n n in g  E l e c t r o n  
M ic r o s c o p e  S t e r e o s c a n ,  S 4 , f r o m  C a m b r id g e  S c i e n t i f i c  L t d .  A  RHEED 
p a t t e r n  a n d  t h e  c o r r e s p o n d i n g  S t e r e o s  c a n  p i c t u r e  a r e  s h o w n  i n  F i g .  4 . 4 , 
T h e  r a t i o s  o f  t h e  i n t e n s i t i e s  o f  t h e  ( 2 2 0 )  r i n g s  t o  s p o t s  w e r e  
e s t im a t e d  u s i n g  t h e  s a m e  d e n s i t o m e t e r  a s  i n  t h e  p r e v i o u s  e x p e r i m e n t .
T h e  r a t i o s  o f  t h e  a r e a  o f  p o w d e r e d  G aAs t o  s i n g l e  c r y s t a l  G aA s f r o m  
t h e  s t e r e o s c a n  p i c t u r e s  w e r e  e s t i m a t e d  a n d  c o n v e r t e d  i n t o  p e r c e n t a g e s  
o f  p o w d e r  o r  p o l y c r y s t a l l i n e  m a t e r i a l .  T h e s e  v a l u e s  w e r e  p l o t t e d  
a g a i n s t  t h e  r a t i o s  o f  t h e  a r e a s  o f . . r i n g s  t o  s p o t s  i n  t h e  RHEED p i c t u r e s  
i n  F i g .  4 . 5 , T h e  r a t i o s  o f  t h e  a r e a s  o f  r i n g s  t o  s p o t s  i n  T a b le  4 . 2  
w e r e  c o n v e r t e d  i n t o  p e r c e n t a g e  o f  p o l y  c r y s t a l l i n e  m a t e r i a l  u s i n g  t h i s  
c u r v e  a n d  p l o t t e d  a g a i n s t  t h e  d e p t h  i n  F i g .  4 . 6 .
T a b le  4 * 1  D i s l o c a t i o n  d e n s i t i e s  a t  v a r i o u s  
d e p t h s  i n  d a m a g e d  G aA s s i n g l e  
c r y s t a l s .
*=*72'“.
T a b le  4 . 2 , R a t i o  o f  ( 2 2 0 )  r i n g  t o  s p o t  
i n t e n s i t i e s  w i t h  d e p t h s
D e p t h  (A )
R a t i o  o f  ( 2 2 0 )  r i n g  
t o  s p o t  i n t e n s i t i e s
i  1 °  */.
D a m a g e d  b y  P e l l o n 3 0 0 . 1 4
p o l i s h i n g  p a d
5 3 0 0 . 0 6 9
6 0 0 0 . 0 3 6
D a m a g e d  b y  e m e ry 200 0 . 3 4 2
p a p e r
0 . 0 9 9 /1000
2 6 0 0 0 . 0 3 9
5 0 0 0 0 . 0 1 9
9 8 0 0 0.012  !
11000 0 . 0 0 6
D a m a g e d  b y  d ia m o n d 200 0 , 2 8 9
s a w
6 0 0 0 . 0 6 1
1200 0.020
1 4 0 0 0 , 0 1 5  .
2000 0.010
6 8 0 0 0 , 0 0 8
1 0 6 0 0 0 . 0 0 4
- 7 3 -
.(b)
Fig. 4*4 (a) Stereoscan picture of powdered GaAs (bright area)
on single crystal GaAs (back ground), 15600X.
(b) Corresponding RHEED pattern.
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I n v e s t i g a t i o n  o f  RHEED p a t t e r n s  s h o w e d  t h a t ,  a f t e r  e t c h i n g  w i t h  
B r / m e t h a n o l  t h r o u g h ,  a p p r o x im a t e l y  5 0 0 0  X ,  t h e  a r c i n g  w a s  s t i l l  
p r e s e n t  o n  G aA s d a m a g e d  b y  d ia m o h d  w h e e l  a n d  e m e ry  p a p e r .  T h i s  
i n d i c a t e s  t h a t  t h e  d a m a g e  h a d  g o n e  v e r y  d e e p ly  i n t o  t h e  c r y s t a l  a n d  
m a y  b e  d e e p  e n o u g h  t o  b e  r e v e a l e d  b y  t h e  X - r a y  g l a n c i n g  a n g le  m e th o d .
I n  o r d e r  t o  s t u d y  m o re  d e t a i l s  c o n c e r n in g  t h e  d a m a g e  a n d  h o w  t h e  
e t c h i n g  s o l u t i o n  a t t a c k s  t h e  G aAs s u r f a c e ,  t h e  d a m a g e  p r o d u c e d  b y  e m e ry  
p a p e r  o n  a  s i n g l e  c r y s t a l  G aAs w a s  r e p e a t e d .  T h e  d e p t h  o f  d a m a g e  o n c e  
a g a in  w a s  s t u d i e d  u s i n g  R H E E D , X - r a y  g l a n c i n g  a n g le  a n d  e t c l i i n g  
t e c h n iq u e s .  T h e  p i c t u r e  o f  t h e  s u r f a c e  w a s  a l s o  t a k e n  b y  s t e r e o s c a n  
a f t e r  e v e r y  e t c h .  T h e  t r a n s m i s s i o n  p i n h o l d  m e th o d  w a s  a d a p t e d  f o r  
t h e  X - r a y  g l a n c i n g  a n g le  m e th o d  ( a p p r o x im a t e l y  3  d e g r e e s )  u s i n g  a  
U n ic a m  S 2 5  c a m e r a .  Som e s t e r e o s c a n  p i c t u r e s  a n d  c o r r e s p o n d i n g  RHEED 
p a t t e r n s  w e r e  s h o w n  i n  F i g .  4 . 7  a n d  4 . 8 . A n  X - r a y  g l a n c i n g  p a t t e r n  
w a s  a l s o  s h o w n  i n  F i g .  4 . 9 . .
4 . 6  R e s u l t s
R in g s  f r o m  G aAs a p p e a r e d  i n  t h e  RHEED p a t t e r n  ( F i g s .  4 . 2  a n d  4 . 3 )  
o f  t h e  s i n g l e  c r y s t a l  s p e c im e n s  d a m a g e d  b y  a l l  m e th o d s  b e f o r e  e t c h i n g .  
A f t e r  r e m o v in g  som e l a y e r s ,  m o s t  o f  t h e  RHEED p a t t e r n s  s h o w e d  a r c s  a n d  
s p o t s  s i m i l a r  t o  t h o s e  s h o r n  i n  F i g .  4 . 2 ,  e x c e p t i n g  t h o s e  o f  t h e  
s p e c im e n  d a m a g e d  b y  H y p r o c e l  P e l l o n  p a d s  w h i d i  s h o w e d  r i n g s  a n d  s t  r e  ales 
s i m i l a r  t o  t h a t  o f  F i g .  4 . 1 . H o w e v e r ,  t h e  a r c s  a n d  r i n g s  d i s a p p e a r e d  
w h e n  t h e  d a m a g e  w a s  r e m o v e d  c o m p l e t e l y ;  t h e  RHEED p a t t e r n s  w e r e  s i m i l a r  
t o  t h a t  i n  F i g ,  4 . 3  b«
F i g .  4 . 6  s h o w s  t h a t  t h e  p e r c e n t a g e  o f  p o l y c r y s t a l l i n e  m a t e r i a l  i s  
v e r y  h i g h  n e a r  t h e  s u r f a c e  o f  t h e  c r y s t a l .  I t  t h e n  d r o p s  e x p o n e n t i a l l y
with depth into the crystal. Hie drop depends on the method used 
to produce damage. Hie depths of damage estimated from the etching 
times were about O.ly for the Hyprocel Pellon pad, 3p for fine grade 
emery paper and about 15y for the diamond wheel. Hie true values of 
the depth of the damage may be more than the values estimated; this 
was due to the fact that the etching solution may attack the heavily 
damaged surface faster than the smooth and less damaged surface whidi 
is normally used for calibrating the etdi rate, RHEED patterns of the 
rough and damaged surfaces normally do not show (111) reflections as 
they may be obscured by the background from the centre spot, owing to 
long exposure time (2-3 minutes) , Any measurement must be taken from 
other reflections sudi as (220) and (333) , However, the intensities 
of the reflections obtained by electron diffraction are not exactly 
the same as those in the ASTM card whidi are obtained from X-ray 
diffraction methods,and the reflections whidi are systematically 
absent, sudi as (222), always show almost as strongly as (111) 
reflection, which is the strongest on the ASTM card.
Dislocation densities calculated from the (333) reflection in 
Table 4 .1  show that the values are high near the surface and drop 
with Hie depth in a similar way to the damage curve. Hie magnitude 
of the dislocation densities here are also in agreement with the 
values obtained from the powdered GaAs using X-ray line broadening 
methods.
Fig. 4 .7  shows the stereos can picture of the heavily damaged 
surface of GaAs, the damage being due to abrasion. It consists of 
’hills and rocks ’; the corresponding RHEED pattern shows rings and 
spots of GaAs. Big protuberances on this rough surface were gradually 
etdied off and finally became comparatively small, as shown in Fig. 4 ,8
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F ig . 4*7 (a ) Stereoscan p ic tu re  o f damaged. GaAs, 37700X.
(b) Corresponding RHEED p a tte rn .
F ie . 4.
»
(a ) Stereoscan p ic tu re  o f GaA3 c r y s ta l a f te r  
removine the  damaee, 37700X.
(b ) Corresponding RHEED p a tte rn .
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Fig. 4 .9 X -ray g la n c in g  ang le p a tte rn  of a damaged GaAs c r y s ta l .
where the RHEED pattern showed no damage. X-ray glancing angle 
patterns all showed arcs and streaks from the damaged surfaces and 
only streaks when all the damage was removed,
4 ,7  Discussion
The diffraction results show that the mechanical damage is very 
substantial. The possibility of residual daimage remaining is quite 
high unless the. whole cutting and polishing process is conducted with 
great care. The depth of deformation produced in GaAs by the diamond 
wheel was very deep ('vT5y) and was similar to that produced in pure
•7sintered tungsten carbide (^ 14y) by grinding (Lewis and Porter) ,
Hie general microstrain distribution with depth in tungsten carbide 
also corresponded quite well with that produced in GaAs, The values 
of dislocation densities obtained in this work were also similar to 
those of alumina calculated by Sarkar and Towner, but rather higher 
(2 -3  times higher), Hiis may be due to the fact that the method they 
used was transmission electron diffraction,, which examined the 
deformation throughout the body of small particles, whereas the method 
used here was reflection diffraction on single crystals, which is more 
responsive to the outer layers of the surface. These might be expected 
to be more deformed than the inner layers.
The calibration curve drawn in Fig, 4 .5  shows that the relation 
of the amount of poly crystalline material and the proportion of the 
intensities of ring to spot is exponential. It was not intended to 
obtain absolute values of the percentage of polycrystalline material 
present from this calibration, owing to the fact that the diffraction 
conditions of powder spread over the surface of a single crystal are 
different from the polycrystalline material formed and embedded below
the single crystal surface as the result of damage. However, as small 
changes could be detected,produced by varying amounts of deformation, 
relative values of the proportion of single to powder material were 
obtained. The general appearance of the calibration RHEED patterns 
was similar to those obtained by the mechanically damaged GaAs. The 
calibration results could be expected to be lower than the correct 
values in damaged crystals because of the possibility of a greater 
shielding effect from the powder on the crystal surface than from the 
poly crystalline material actually in the surface. The single crystal 
spots were undetectable with 501 powder on the surface. This may 
indicate a maximum error factor of about two. This error was assumed 
to be uniform, thus giving self-cons is tent relative values,
4 .8  ’ Line broadening study using RHEED
An attempt to measure the crystallite size and microstrain in 
ba,ll-milied GaAs was carried out using the RHEED technique in order 
to compare these with the values obtained by X-ray line broadening 
methods. The 40 hours ball-milled and the. as-received GaAs powder 
were examined, The samples were packed tightly into an aluminium 
specimen holder of size 4 x 4 x 2 mm. The aluminium holder was made 
in a rectangular block shape of size 5 x 5 x 4 mm, which is small 
enougli for the RHEED specimen holder. The specimens were packed very 
tightly so that they did not fall out during the investigation and • 
the surface was smooth enough for the RHEED technique. Both ball- 
milled and as-received GaAs powder were examined by both RHEED and 
X-ray diffraction methods.
The RHEED patterns are shown in Fig. 4 .1 0 . The (220) and (311) 
reflections in the RHEED pattern were scanned using the microdensi­
tometer so that the integral breadth could be estimated, For X-ray
diffractometer profiles, the integral breadth was obtained using the
same method as that in Chapter 2 „ The integral breadth methods of 
4Wagner were employed, and the instrumental error was corrected using 
equation 2 ,5  for both techniques« The plot of (d* ) 2 vs (3 * )2 were 
in Fig. 4 ,11, The particle size and microstrain were calculated from 
both techniques and tabulated in Table 4 .3 ,
4 .9  Results and dis cuss ion
RHEED patterns from ball-milled specimens showed very broad rings 
of GaAs (Fig. 4 ,10). The measurement of the crystallite size and 
microstrain was carried out on only the (220) and (311) reflections, as 
the (111) reflection was covered by the background from the centre 
spot. The values of the crystallite size and microstrain obtained by the 
RHEED method are similar to those obtained from the X-ray line broadening 
•method. However, the crystallite size measured from the RHEED method 
was lower but the microstrain was higher than the values measured from 
the X-ray diffraction method by a factor of almost three. This may be 
due to the fact that the X-ray diffraction method examined the 
deformation throughout • the body of the particles, whereas the RHEED 
technique examined only the surface layers (~50 X) which might be 
expected to be more deformed than the inner layers.
- (b )
F ig . 4«10 RHEED p a tte rn s  o f  powdered GaAs.
(a) B a l l- m il le d .
(b ) A s-rece ive d .
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X-Ray d i f f r a c t i o n  and  RI-IEtD methods
Table 4 .3 . Particle size and microstrain calculated 
using X-ray diffraction and RHEED methods
X-ray RHEED ,
Particle size
R 220 75
Microstrain
x 10+3 6 .0 8 1 7 .3
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CHAPTER 5
5 .1  Introduction
An important aspect of ion implantation studies is to control
the concentration of the ions which give rise to the desired electrical
properties in the layers of single crystals. A drastic loss of
perfection occurs in single crystals after implantation if the dose is
high enough (more than 5 x 1 0 13 ions/cm2) . This loss is not
detectable by electrical measurements. At this stage, the ions are
termed ’inactive*. Thus electrical measurements cannot be used to
study the damage while the ions are ’inactive'. Although Rutherford
Back Scattering can be used to study implantation damage, the
information obtained is limited by the resolution (200 A). The RHEED
technique was chosen to study the damage in this part of the work.
It was hoped that the RHEED technique could give some extra information
obecause of its better resolution (50 A).
The crystal perfection of the single crystal substrate was 
restored by annealing, as the ions then became active and electrical 
measurements were possible after annealing. The RHEED method was also 
chosen to study the changes due to annealing of the ion implanted GaAs, 
although some additional information was obtained from powdered-GaAs 
using X-ray diffraction methods (see Chapter 2).
5 .2  Investigation of the damage distribution
5 .2 .1  Experimental details
Damage produced by the implanted ions is directly proportional
RHEED investigation of damage in ion implanted GaAs
RHEED and chemical etch techniques were employed to investigate the 
damage.
Hie GaAs specimens cut with (110) faces were implanted with 
cadmium and tellurium ions at room temperature. Hie direction of 
implantation was 7° to the noimal of the surface of-the specimens.
The doses were 5 x 1013 ions/cm2 for cadmium and 1 .2 4  x 1 0 llf ions/an2 
for tellurium, The energy of the cadmium ions was' 150 keV and that of 
the tellurium was 150 keV and 50 keV. The specimens were then examined 
by RHEED. After examination the surface was etched off and cleaned 
using the methods described in the previous diapter. The RHEED pattern 
was obtained after every etch until a single crystal pattern of GaAs 
was achieved. The etch depth was calibrated using the talystep: the 
method is described in Chapter 3 . A typical RHEED pattern obtained 
after some layers have been removed is shown in Fig. 5 .1 . '
From Fig. 5 .1 , it may be seen that the single crystal of GaAs 
is damaged by the implanted ions. The amount of damage can be 
estimated using the following procedure.
(220) rings aid spots on the RHEED patterns were scanned by means 
of a Joyce-Lobel microdensitometer, so that it was possible to 
estimate the ratios of the area of the rings to spots. These 
proportions were converted into the percentages of polycrystalline 
material using the calibration curve (Fig, 4 .5). The variation of 
the damage with the depth was plotted in Fig. 5 .2 .
5 .2 .2  Results and discussion
Damage produced by cadmium and tellurium ions in single crystal
oGaAs was removed after etching to a depth of between 800-1000 A.
to the ion concentration in the implanted layers. In this work,
Fig. 5 .1  RHEED pattern of Te+ implanted GaAs 
after removal of 500 X
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The RHEED patterns obtained from the damaged surfaces were also 
similar to transmission electron diffraction patterns obtained by 
Sealy.1-
Fig. 5 .2  showed a comparison between the damage distribution 
with depth for GaAs crystals implanted by tellurium ions with energy 
of 50 keV and with energy of 150 keV. It may be seen that the 
general appearance of the depth-damage distribution curves of 150 keV 
implantation of cadmium and tellurium were similar but different from 
that of tellurium 50 keV implantation.
The damage maximum for the 50 lceV ions is very close to the 
surface, whereas for the 150 lceV ions the damage maximum is at a depth 
of about 300 X below the surface.
These results are in good agreement with the theoretical values 
of projected range statistics in semi-conductors predicted by Lindhard, 
Scharff and Schiott,J for 50 keV and 150 keV tellurium ions in GaAs 
crystals, where the projected range maxima in the range distribution 
curves are given as 173 X for 50 keV ions and 400 % for the 150 keV 
ions.
For cadmium ions at 150 keV in GaAs crystals, Lindhard, Scharff 
and Schiott predict the projected range maximum at 422 X. The average 
level of damage for cadmium ions was rather more than for tellurium 
ions, although the dose rate was lower. This could be due to 
experimental error, although as it is known that the gallium arsenide 
crystals become quite warm under the ion bombardment, the higher dose 
rate will also produce a relatively higher temperature and thus a 
possibility of more recrystallisation.
The damage-depth distribution curves obtained, as shown in 
Fig, 5 .2 , may also be considered as the depth-profiles of the ion 
distributions, as the damage is directly proportional to the ion 
concentration. Thus RHEED and etching techniques could be used to 
study the depth of deformation and depth profiling in the ion 
implantation work,
5 .3  Study of changes due to heat treatment
5 ,3 .1  Experimental details
In the final stage of the implantation process, carried out in 
the Electronic and Electrical Engineering Department at the University 
of Surrey, the specimens were annealed in ai atmosphere of flowing 
nitrogen at a temperature of 650°C, for 15 minutes.
In order to study the diaiges in detail, unimplanted single crystals 
and tellurium implanted specimens were employed in this part of the work. 
Hie dose rate of the tellurium ions was 1 .2 4  x IO14 ions/cm2 with 
energies 50 keV and 150 keV. Hie implantation conditions were the same 
as in Section. 5 .2 . The range of annealing temperatures was 150°C to 
700°C in steps of 50°C and the ainealing time was 15 minutes. Hie 
specimens were annealed in evacuated quartz and pyrex tubes. The 
dimensions and purity of the tubes were similar to those in Chapter 2 . 
The specimens were examined by RHEED after each anneal.
A tellurium implanted specimen with doses of 2 x 1 0 llf ions/cm2 
and of energy 150 keV, was also annealed in the atmosphere of flowing 
nitrogen. Hie investigation was also carried out using annealing in 
evacuated tubes.
For 150 keV implantation, arsenic rings were detected with 
annealing temperature up to 250°C while the surface of the GaAs was 
still disordered (Fig. 5 .3 (a)), After annealing at 300°C and 350°C 
the RHEED patterns showed single crystal spot patterns but no arsenic 
was detected (Fig. 5 .3 (b)). At 400°C to 500°C RHEED patterns showed 
spot pattern of GaAs and also GaAs and arsenic rings (Fig. 5 ,4), The 
indexing of the rings was done according to ASTM cards. Gallium 
telluride (Ga2Te3) was detected at higher temperature (550°C), After 
annealing at 600°C and 700°C the patterns showed many rings which may 
be due to arsenic and beta gallium oxide (3~Ga20 3) . The identification 
of Ga2Te3 and $-Ga20 3 was made by comparison with the intensities and 
"d" values given in ASTM cards.
For 50 keV implantation, RHEED patterns of the surface of 
implanted GaAs showed it to be highly disordered. After annealing up 
to 350°C the pattern still showed disorder. After annealing from 
400°C to 500°C, the patterns showed preferred orientation of GaAs and 
arsenic (Fig. 5 .5). Hie preferred orientation axis of GaAs was found
■zto be the [100] axis, using the methods described in Cullity. The 
preferred orientation axis of arsenic was not determined as there was 
only one strong reflection of arsenic (2 .7 7  X) on the pattern. Hie 
effects occurring of higher temperature annealing were similar to 
those oil specimens with 150 keV implantation energy, i.e. Ga2Te3, 
arsenic and |3-Ga20 3 appeared at 550°C and 700°C respectively (Fig. 5 .7)
Annealing of unimplanted single crystal specimens showed that 
arsenic still out-diffused at 400°C, The RHEED pattern also showed 
preferred orientation of GaAs and arsenic. Hie axis of preferred 
orientation was [110] (Fig. 5 .6), Beta gallium oxide and arsenic
5.3,2 Results
(b )
RHEED p a tte rn s  o f Te+ im planted ions  energy 150 keV.
(a ) A f te r  ann ea ling  250 °c .
(b ) A f te r  ann ea ling  35° °c .
F ig . 5. 4 RHEED p a tte rn  o f Te+ im p lanted GaAs ions  
energy 150 keV, a f te r  annea ling  a t  400 °c . 
g = g a lliu m  a rsen ide  a = a rse n ic
6.,= (111) a1= (102)
e2= ( 2 2 0 ) a2= ( 0 1 4 )
e3= ( 3 1 1 )
e4= ( 2 2 2 ) 
e5= ( 4 2 0 )
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F ig . 5 * 5  RHEED p a tte rn  o f  Te+ im planted GaAs ions 
energy 50 keV, a f te r  annea ling  a t 400 °c , 
p re fe rre d  o r ie n ta t io n  a x is  was found to  be [lOO] •
RHEED p a tte rn  o f  unim planted s in g le  c r y s ta l ,  
a f te r  annea ling  a t  400 °c , p re fe rre d  o r ie n ta t io n  
a x is  was found to  be 01 o] .
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(b)
7 RHEED p a tte rn s  o f Te+ im planted GaAs w ith  
energy 150 keV.
(a ) A f te r  annea ling  a t  550 °c*
(b ) A f te r  ann ea ling  a t  700 ° c .
appeared at 600°C - 700°C but gallium telluride was not detected at 
all. Hie results are also shown in Table 5,1 „
When annealed in flowing nitrogen crystals, tellurium implanted
GaAs, at doses-of 2 x 101 h ions/cm2 , gave RHEED patterns showing
amorphous rings until temperatures of 600°C - 700°C were readied, when
only beta gallium oxide was detected. This may indicate that oxidation 
’ ostarted at low temperature (150 C) and grew more pronounced with higher 
annealing temperatures, and was detected eventually at 600°C - 700°C,
5 .3 .3  Discussion
It may- be seen that the damage produced by 150 keV implantation 
was completely removed after annealing up to 350°C, whilst the damage 
produced by 50 keV implantation was still present after a similar 
annealing. This is because the damage produced by the 1 5 0 . keV 
implantation is. distributed throughout the specimens and the surface 
damage is easily removed, The damage produced by 50 keV implantation 
is concentrated just below the surface, and complete removal by 
annealing would require relatively higher temperatures, assuming that 
damage removal is governed by Arrhenius’ equation.
Free arsenic was detected at temperatures up to 250°C when 
annealing the 150 lceV implanted crystal, which may imply that the 
higher energy ions break down the GaAs structure more readily than 
the 50 keV ions.
The appearance of arsenic at lower temperatures is in good 
agreement with X-ray diffraction results on powdered crystals, where
arsenic was detected at 300°C, and with the results obtained by
4 . * .Picraux who used mass spectrometry to detect the arsenic vapour
Annealing
Temperatures
Te implanted 
50 KeV
•J* %Te implanted 
150 KeV Unimplantcd single crystal
150°C to 
200°C Diffuse rings and spots Diffuse rings and spots Spot pattern.
250°C Diffuse rings and spots Diffuse GaAs rings and spots 
Sharp strong As arcs
Spot pattern
300°C to 
350°C
Diffuse rings and 
spots
GaAs spot pattern 
Faint As rings
Spot pattern
400°C to 
450°C
As and GaAs sharp 
rings bo til having 
preferred orientation
As rings, GaAs 
rings and spot 
pattern • •
As and GaAs sharp rings bo til having 
preferred orientation
500°C No change from 
400°C No change from 400°C
Amorphous
550°C Ga^ Te^  present Ga^ Te^  present Faint arcs possibly arsenic and ,3-Ga20 3
600°C to 
700 C
Arsenic with other, compound probably 
3-Ga20 3
Arsenic with other 
compound probably
5~6a2°3
Arsenic with other compound probably 
B-Ga2° 3
•f*Table. 5.1 Unimplanted and Te implanted GaAs crystals, after 
various heat treatments and examination by RHEED.
from the implanted GaAs at different annealing temperatures. The 
rate of out-diffusion of arsenic was very high, nearly 300°C.
However, arsenic was detected at 400°C in both unimplanted and 
implanted materialsP thus the decomposition at this stage is probably 
due to thermal effects.
The preferred orientation axis obtained from 50 keV implantation 
was different from tha,t of the unimplanted specimen. The RHEED 
pattern obtained from 150 keV implantation specimen - showed no 
preferred orientation. It can be assumed that the electrical 
properties of the crystals were different owing to the difference in . 
ion distributions/and the difference in preferred orientation axes 
could also have some influence on the electrical properties of the 
crystals. The preferred orientation axis obtained after the annealing 
of 50 keV implanted specimen was also different from the axis of the 
substrate crystal, This observation is similar to that of Barrett5 
in the examination of the orientation of recrystallised grains in 
deformed aluminium. He noted that the new grains always have 
different orientations from those of the grains from which they grew.
Gallium telluride (Ga2Te3) appeared at 550°C on the implanted
6specimen, and this is in agreement with results obtained by Hernnent, 
who, using electron spectroscopy (ESCA), detected gallium and 
tellurium signals from tellurium implanted GaAs after annealing at 
600°C.
Hie appearance of beta gallium oxide was in agreement with the 
results obtained by X-ray diffraction methods (Chapter 2). and 
Sealy.^
5 , 4 Changes in the implanted layers after annealing
The oxidation and diffusion of arsenic due to annealing is 
superficial, as the sub-surface layer may remain perfect crystals,
As the recrystallisation may take place epitaxially from the single 
crystal substrate during annealing, it is worthwhile to study the 
changes in the implanted layers after annealing,
5 .4 .1  Experimental details
In this part of the work, tellurium implanted GaAs was employed. 
The doses were 2 x 1 0 14 ions/cm2 with an energy of 150 keV, and the 
implantation was carried out at room temperature. The specimens were 
annealed in Pyrex evacuated tubes at temperatures between 150°C and 
500°C in steps of 50°C; the annealing time was 15 minutes. The RHEED 
pattern was taken after each anneal.
Hie specimens were then etdied using 0 .1% Br/methanol. Hie 
etching and cleaning process was similar to that in Section 5 ,2 .
Hie RHEED pattern was taken after eadi etdi. Hie thickness of 
etdied layers was measured using the talystep,
5 .4 .2  Results
The results of annealing showed that the surface layers were 
still disordered after annealing at temperatures between 250°C and 
350°C. Further annealing at 400°C and 500°C produced recrystallisation 
and the RHEED patterns showed polycrystalline GaAs and arsenic rings. 
After'etching off about 100 X of material from the crystal annealed 
at 500°C, the new surface gave RHEED patterns due to twinned GaAs,
The twinned patterns were interpreted, using methods suggested gy
7Andrews et al, this pattern is presented in Fig, 5 .8 .
The patterns were all shown to be caused by. twins, similar to . 
those commonly found in face-centred cubic metals after cold-working 
and annealing. Upon further surface etching the RHEED patterns 
showed that twinning was most pronounced after a removal of 250 
300 A (Fig. 5 .9). After 800 A were etched off, RHEED gave only a 
GaAs single crystal pattern (Fig, 5 .10).,
5 .4 .3  Piscussion , '
. Twinning or stacking faults in GaAs has been observed previously 
1 8by Sealy' and by Cho. Sealy used tellurium implanted GaAs but at 
an annealing temperature of 200°C — 300°C, and using electron microscopy 
and selected area diffraction. Cho observed (111) twins using RHEED 
in molecular beam deposits of pure GaAs. In this work it has been 
shorn that twins are formed at a depth of 250 - 300 X in GaAs due to 
implantation of tellurium ions at an energy of 150 keV, This is also 
the depth of the projected range of the tellurium ions as calculated 
by Lindhard, Scharff and Schiott, , Thus, the twin may have Some 
relationship to the ion concentration in the crystal, and to the 
resultant damage.
Hie process of twin formation thus; resembles that of the strain- 
anneal process for crystal growth in metals, where it has been shown 
for many years (Smallman) 9 tliat a critical amount of deformation 
followed by suitable annealing will produce the growth of large 
crystals.
The presence of annealing twins in ion-implanted GaAs could 
produce problems in the production of doped perfect single crystals. 
Annealing twins in metals are known to be very stable and difficult 
to remove by further annealing.
In aluminium, the ratio of the twin band width to the grain 
diameter seems to remain constant during further grain growth, so 
that during annealing the number of twins present drops rapidly in 
the early stages of grain growtht but then stays at an approximately 
constant value during further annealing.
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Fig. Indexing of the twinned pattern
o  hkl main lattice 
O hkl twin lattice
Te+ im p lanted GaAs a f te r  annea ling  a t  500 
and e tc h in g  o f f  2 5 0 - 3 0 0  $ .
Main la t t i c e
1 = ( n i )
2 = (111)
3 = (022) 
4 = ( 3 1 1 )
Twin la t t i c e
5 = (3T1)
F ig . 5. 0 Te im p lanted GaAs a f te r  annea ling  a t  
5 0 0  °c and e tch in g  o f f  800 $ , 
in d e x in g  as F ig . 5«9»
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CHAPTER 6
6 .1  High temperature implantation
’ 1 Implantation at high temperature was carried, out by Harris et al
in 1 9 7 2 . They proposed heating the substrate crystals during implantation,
as it was thought that a hot substrate could remove damage caused by a
given ion before the next ion penetrated the crystal. Therefore, the
-technique could remove the gross damage produced by room temperature
implantation. The degree of heating applied to the substrate depends
on the materials, for example 350-450°C for silicon and 200QC for GaAs.
This technique was later known as ’hot implantation* .
A large number of hot implanted specimens were examined in this 
work by RHEED techniques, giving spotty patterns (Fig, 6 .1), which 
indicated that the specimens had partially recrystallised. Annealing 
could still be required, however, to remove the residual damage.
It was therefore worthwhile to study the change on the surface 
and. in the implanted layers of these specimens after heat treatment, 
us ing the RHEED techniques, .
6 .1 .1  Experimen t ai details
(a) Changes on the surface due to heat treatment
A single crystal of GaAs was implanted with tellurium ions at 
180°C, dose 2 x 1 0 14 ions/cm2 with an energy of 150 keV. The 
investigation of changes due to heat treatment was carried out using
Studies of high temperature implantation and encapsulation
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Te+ implanted GaAs at 180°C, 150 keV unetched
RHEED, employing similar methods to those described in the previous 
chapter. Annealing was carried out in evacuated tubes, and the 
annealing temperatures were from 250°C to 650°C,
(b) Changes in the implanted layers after airnealing at 500°C
In this part of the work, single crystals were implanted with 
tellurium ions, The conditions of inplantation were similar to those 
in the previous section but the energies were 50 keV and 150 keV. Hie 
changes due to annealing from 250°C to 500°C were investigated using 
RHEED, ... '
The specimens were then etched using 0 ,1% of Br/methanol, and a 
RHEED pattern was obtained after each etch until the single crystal 
pattern of GaAs was achieved. . .
■6 .1 .2  Results and discussion •
(a) Changes on the surface due to heat treatment
After annealing between 250°C and 350°C, the RHEED patterns of 
the specimens showed little change from that of Fig. 6 .1 . Annealing 
at temperatures of 400°C, 450°C and 500°C, produced poly crystalline 
rings of GaAs and arsenic, which were due to thermal effects, 
resembling th e  specimens implanted at room temperature. After further 
annealing between 550°C and 650°C, the patterns showed the formation 
of R-Ga20 3 and arsenic, as in those obtained from specimens implanted 
at room temperature,
(b) Changes in. the implanted layers after annealing at 50Q°C
After annealing at temperatures from 250°G to 500°C, the RHEED 
patterns of the specimens implanted at 50 keV showed no difference from
those .implanted at 150 keV. After removal of 50 X the surfaces gave 
spotty patterns; after etching off 100-150 X the pattern was that of 
a perfect single crystal*
It may be seen that implantation at high temperature can improve 
the technique for doping GaAs, as the inplanted specimens were shorn 
to be partially recrystallised at annealing temperatures between 
200-350°C, However, the out-diffusion of arsenic and the formation 
of 3-Ga20 3 still occurred at higher annealing temperatures. The 
results after etching showed no twinned pattern of GaAs, The 
implantation at high temperature seems to remove the tendency of the 
implanted and annealed GaAs crystals to form twins which were found 
on the specimens implanted at room temperature (Chapter 5), Presumably 
twin formation does not occur because the temperature of the hot 
implantation, 180°C, is sufficiently high to anneal out the strain 
•centres required for the strain-anneal crystal growth effect to give 
rise to twins,
6 .2  Encapsulation
Harris et al1 reported on the encapsulation of the surface of 
implanted specimens during annealing. It was hoped that this would 
stop the out-diffusion of arsenic and the oxidation of gallium, which 
always happens to unprotected specimens during heat treatment. The 
materials used for coating in Harris’, work were silicon di-oxide 
(Si0 2) and silicon nitride (Si3Nlt) , and the annealing temperature was 
700°C, The method was found to be successful.
2 3Protective coatings were also used by Sealy and Bell. Sealy 
used silicon di-oxide to coat the surface of tellurium implanted GaAs
and annealed at 650°C in flowing nitrogen. ‘ITie results showed that
beta gallium oxide was still detected by using transmission electron
diffraction,, The presence of beta gallium oxide proved that silicon
3di-oxide was not a good encapsulator. Bell also.found that silicon 
nitride was a better encapsulating material than silicon di-oxide. 
However, silicon nitride was difficult to deposit.
Formation of beta gallium oxide during annealing is almost 
unavoidable, therefore native oxides of GaAs were considered as 
possible encapsulators by Sealy and HenmentP4 Hie native oxides can 
be grown by heating GaAs in oxygen. However, native oxide films 
(mainly gallium oxides). have a disadvantage in that they are not
consistent in their properties. Aluminium (Al) was also used as an
■ 5 ■encapsulator by Sealy, as it is easy to deposit and should be easy
to remove.
After annealing, the encapsulators have to be removed from the 
implanted specimens. The removal of the encapsulators may prove 
very difficult, as the solution used for removal may also etdi the 
GaAs or leave contamination on the specimen surfaces. Thus the 
RHEED techniques may be useful to study the surface and to investigate 
the implanted specimens after annealing. In this part of the work a 
substantial number of specimens were employed; all were coated with 
various encapsulators, annealed and examined by RHEED after removal 
of the encapsulators.
6 .2 ,1  Experimenta1 details
(a) Silicon nitride (Siplu) encapsulation
The specimens were implanted, with various ions, the conditions 
of implantation being shown in Table 6 .1 . Prior to annealing, they
all received a sputtered coating of silicon nitride at 400°C, the thickness 
of the film being about 2000 X. The specimens were then annealed in flowing 
nitrogen for 15 minutes. The annealing temperatures are indicated in 
Table 6 .1 . Many solutions were tried for removing Si3Ntv , e.g. ortho 
phosphoric acid (H3POti.) and hydrofluoric acid (HF) . Finally warm HF was 
used. The specimens were investigated by RHEED and the results obtained 
are shown in Table 6 .1 .
(b) Native oxides encapsulation
Native oxides on GaAs can be grown by two methods:
(i) Oxidation by heating GaAs in an atmosphere of oxygen at 
500-600°C for one hour.
(ii) Oxidation by Immersing the specimens in boiling H20 2 for about 
4 hours. In this work thermal oxides were employed as the oxide 
films were found to be more uniform. The thicknesses were 
investigated using an optical interferometer and a Rank Taylor
Hobson talystep.
\
The blue interference colour of the oxide films produced on the 
specimen surface after annealing in oxygen at 500-600°C, indicated a 
thickness of 800-1000 X. The oxides were removed using warm HCb or HF.
The specimens were then examined using RHEED. Details of the specimens 
and results of the observation are shorn in Table 6 .2 .
(c) Aluminium encapsulation
A considerable thickness, 3000 X, of aluminium was evaporated on to 
the surface of the specimens. They were then annealed in flowing nitrogen 
to remove the damage. Warm HC£ or HF was then used to remove the aluminium 
and the RHEED technique was used to examine the surface (see Table 6 .3).
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Some of the specimens under investigation by RHEED in Sections (a) 5
(b) and (c) were also examined using Rutherford’-Back Scattering (RBS). 
by Dr. B. J. Sealy. The results are. shown in Tables 6 .1 , 6 .2  and 6 .3 . ;
6 .2 .2  Results . .
RI-IEED results for Si3hT4 encapsulation showed t h a t although S^Ni* 
can prevent the out-diffusion of arsenic and the formation of .$-Ga20 3, 
it. also produced some contamination on th e  surface .which was not 
easily identifiable. Very few,of these specimens showed spots due to 
GaAs. None of the specimens gave a good single crystal pattern. RBS 
results of some specimens showed good crystal 1 inity and that the 
surface composition was normal (i.e. the ratio of arsenic atoms to 
gallium atoms was unity) .
For native oxides encapsulation, all the RHEED patterns of the 
specimens were those of single crystals. No damage or contamination 
was found on the surface. The results of RBS of these specimens as 
determined by Dr. Sealy showed good crys tall ini ty. However, the spectra 
obtained from RBS of some specimens showed that the arsenic peak was 
higher than the gallium peak. This indicated that there were more 
arsenic th a n  gallium atoms on the surface.
With aluminium encapsulation, the RHEED results showed some 
contamination on the surface of the specimens along with a spot pattern 
of GaAs which indicated no damage. The RHEED. patterns of some specimens 
also showed rings or arcs, the "d" values of which were close to those 
of aluminium (Fig. 6 .2). This may indicate that the aluminium may be 
rather difficult to remove. The RBS results all showed good 
crys tall ini ty, and the surface composition ivas also normal.
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F ig . 6 .2  RHEED p a tte rn  o f GaAs, alum inium encapsu la tion  
(specimen number 20 in  Table 6 . 3 )
The spot p a tte rn  corresponds to  GaAs, 
the  r in g s  are  due to  a lum inium .
It may be seen that the RBS results of the specimens encapsulated 
by silicon nitride and aluminium all shaved good crystallinity and 
equal amounts of arsenic and gallium, whereas the results obtained 
from RHEED showed some surface contamination. This may be because 
the sensitivity of RHEED is greater than -that of RBS. The effects 
due to the use of encapsulators may be very superficial, The sub­
surface may remain, a perfect single crystal as detected by RBS. The 
removal of encapsulators. proved very difficult as the GaAs crystal is. 
.very easily contaminated*
For native oxide encapsulation, the results of RHEED and RBS 
showed good agreement, as perfect single crystals were detected and 
no contamination was found by RHEED and RBS. . The results of RBS 
showed there to be more arsenic atoms than gallium atoms on the 
surface, as. did the changes in the RHEED patterns. The shape of 
single crystal spots on the patterns was round rather than streaks 
for the arsenic rich surfaces* A typical arsenic rich RBS spectrum 
with the corresponding RHEED pattern is shorn in Figs. 6 .3  and 6 .4 . 
These RHEED patterns may be explained by surface roughness, A 
round-spot pattern may correspond to an undamaged but inperfect 
surface whereas a streaky pattern corresponds to a smooth surface.
The arsenic rich surface may not be smooth owing to the growth of 
native oxides, mainly gallium oxides. After removing these layers, 
the specimens may be left with, arsenic rich layers which are not 
completely smooth. However, the results obtained in this work are 
rather erratic, •
The ability to control the surface composition is also an 
important aspect in ion inplant at ion work, as the change of the
6.2,3" Discussion
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F ig .  6 .3  KBS spectrum  of specimen number 17*
(2 .0  MeV He* io n s )
F ig . 6 . RHEED p a tte rn  o f GaAs, oxides enca psu la tion , 
(specimen number 17)
surface composition may affect the electrical properties. Thus 
aluminium encapsulation gave results which were better than those 
from the other two methods, although the removal of the aluminium 
proved very difficult.
The results reported previously by Sealy showed that the 
resistivity obtained from room temperature and high, temperature 
implanted specimens increased with the annealing temperatures. Above 
the maximum value, which occurs at about 500°C, the resistivity 
decreased monotonically. After annealing above 7^00°C the resistivity 
has a low value, and the material is a perfect single crystal. The 
changes of resistivity with the annealing temperatures may be 
explained in terms of the theory of the conductivity of semiconductors. 
The conductivity is related to the density of electrons and holes, 6
= nepn + pepp
= conductivity 
= density of electrons 
« density of holes 
= electronic charge 
= mobility of electrons 
« mobility of holes
After implantation, the damage produced is mainly in the form 
of vacancies, which behave like holes. Thus the density of holes 
after implantation is high, and this gives high conductivity and low 
resistivity. After initial annealing, up to 500°C, the vacancies 
are annealed out mid the density of the holes decreases, so that the
as follows:
where
0
n
conductivity is low and the resistivity is high. At temperatures 
above 500°C, the implanted ions, either donors or acceptors, begin 
to show activity, thus the conductivity becomes higher and the 
resistivity is lower. This theory indicates that annealing the 
implanted crystals, at temperatures higher than 500°C ;is of great 
importance in the production of doped semiconductors,
The carrier concentration of hot implanted specimens, after 
annealing at 700°C, was higher than that of room temperature implanted 
specimens, as shown by Hemment. However, the electron concentration 
for specimens implanted at room temperature' is very .low at the 
surface, but is detectable at 800 X and increases at greater depths. 
This may be due to the fact that the surface layers suffered 
degradation due to heat treatment as Hemment used Si0 2 as an
8 + + "5"encapsulant. Recently, Sealy et al investigated Sn , Te and Se 
implanted into GaAs at 200°G, The specimens were annealed with A l 
or Si ^  encapsulants. The results shaved that electron concentration 
was detectable at the surface of the specimens. Fig,6 .5  shows the 
relation of electron concentration as a function of depth for 
tellurium implanted GaAs.
Thus, hot implantation and subsequent annealing, with proper 
protection, make the implanted specimens more electrically active 
than specimens implanted at room temperature. The effects due to 
other encapsulators and the technique of implanting through the 
encapsulator are still under investigation in the Electronic and 
Electrical Engineering Department at the University of Surrey.
E
le
ct
ro
n
 
C
o
n
ce
n
tr
a
tio
n
, 
N
y,
 
(c
it
KI
10 J-7
1 0 -LG
IQ 13
c.)
COw
CM
Lio
to
o
S3
D e p th ,  ( p u i ) .
F ig . 6 .5  Shows th e  r e la t io n  o f  e le c tro n  c o n c e n tra tio n  
and H a ll m o b i l i t y  as-a . fu n c tio n  o f  'd e p th  fo r  
te l lu r iu m  im p lan ted  GaAs.
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CHAPTER 7
Investigation of implanted GaAs by Transmission 
Electron Microscopy (TEM)
• 7 .1  Introduction -
Previous workers have used transmission electron microscopy
(TEM) on ion implanted GaAs with some success. The technique was
employed to study the heat treatment behaviour of GaAs after
1 2implantation with various ions, for example neon, tellurium,
3 4cadmium and argon and zinc. In every account, the formation of
dislocation loops and a dislocation network was reported. Recently,
5GaAs implanted with tin and cadmium was studied by Ritchie. . Most
1of the previous workers’ specimens, except those of Nelson, were 
implanted at room temperature and protected during annealing. The 
effects due to ’hot implantation’ and ’encapsulators' were studied at 
the University of Surrey using RHEED (Chapter 6). It was therefore 
thought to be worthwhile to study implanted GaAs which was protected 
by Si3Nq during annealing using TEM. The RHEED pattern was also 
obtained from every specimen to compare it with the transmission 
electron diffraction (TED) pattern.
In this chapter the TEM investigation of GaAs, tellurium (Te) 
implanted at room temperature and tin (Sn) implanted at 180°C and 
also unimplanted single crystal GaAs is described. The dislocation 
loop densities obtained from this work were also compared with 
dislocation densities estimated by X-ray diffraction (Chapter 2) 
and also those in published papers. Thinning by 'Jet etching’ was 
used to prepare specimens for TEM.
. The specimens for TEM must be thinned to less than O.lp because
6of the high absorption of electrons in solids (Hirsch et al).
The thinning method employed here was developed from that of
7Meieran. The method is described below:
(a) Ultrasonic cutting
V
Before thinning, the specimens of 4 x 4 mm square were first 
cut into 2 -3  mm diameter discs whidi were small enough for an 
electron microscope specimen holder. An ultrasonic drill from 
Mullard Equipment Ltd. was employed for the cutting. Hie disc was 
then washed in trichloroethylene and methanol until there was no 
visible strain on the surface.
7 . 2 Specimen preparation for TEM
In order to produce an electron-transparent area in the centre 
of the disc, the following procedure was adopted. The surface of 
the disc to be examined was coated with a Fortolac lacquer. The 
specimen was then stuck onto a circular glass slide with the working 
face downwards.- The edge of the disc was also painted with Fortolac.
A clear area of 1 mm diameter was left in its centre. The glass slide 
with the specimen was attadied to a holder with lanolin or water 
soluble glue. The holder could be rotated by means of a motor. The 
unimplanted surface was then polished by directing a vertical flow of 
Br/methanol, on to the surface, A diagram of the thinning apparatus 
is shown in Fig. 7 ,1 .
A higher concentration of Br/methanol (2%) and a faster flow 
rate were used initially, in order to thin the specimen down quickly.
Mien the specimen was nearly thin enough, a slow flow rate and a 
less concentrated etch was used, until a very tiny hole appeared in 
the centre of the disc* The surface near the hole should be shaped 
like a bowl due to the etch, action. The etching was then stopped and 
the Fortolac removed with acetone and the specimen cleaned in 
trichloroethylene and methanol until the painted surface showed no 
stain. Great care was taken here as the disc at this stage was very 
fragile and the small hole in the centre could be widened. The 
picture of the etching apparatus is shown in Fig, 7 ,2 ,
During preparation the specimens were•sometimes contaminated, 
'and this was observable with the naked eye. Hie contamination was 
thought to be caused by a residue from the organic solvent used to 
clean the surface or possibly the undissolved Fortolac, which was 
very difficult to remove,
In this work, a Jeol JEM 120 Electron Microscope was employed 
and was operated at an accelerating voltage of 120 kV. The . 
specimens were examined .under ’bright field’ conditions,
7 ,3  Experimental details
7,3 .1  Te] implanted, and unimplanted GaAs
"Single crystals of GaAs were implanted with Te at 150 keV at
room temperature, the dose being 1 x 10u ions/an2, Hie ‘ specimens
owere coated with, a layer of Si3Nq about 2500 A thick by sputtering. 
The samples were heated by this process to 400°C. After sputtering, 
the Si3N4 was removed from one of the specimens. Hie Si3Nq was 
removed from another specimen after annealing at 700°C for 15 minutes 
in an evacuated tube, Hie RHEED patterns were taken from both 
specimens before thinning. Hie specimens were examined by TEM 
• after thinning.
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Fig* 7*1 Diagram of ’Jet etching1 apparatus.
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F ig . 7*2 ’ J e t e tc h in g 1 appara tus. 
C = Etch c o n ta in e r 
H = H o lder 
M = Motor
An unimplanted single crystal of GaAs was also investigated 
by RHEED, then thinned and examined by TEM,
7 ,3 .2  Sn.f implanted GaAs ’
-J- QFour single crystals of GaAs were implanted with Sn at 180 C 
with the ions of an energy 150 keV, one with a dose of 3 x IO14 ions/cm2 
and three with doses of 3 x 1 0 15 ions/cm2. All the specimens were 
annealed, after coating with Si3iN/, in evacuated tubes. Hie annealing 
temperature, was 700°C for the low dose - (3 x 1 0 14 ions/cm2) , and of the 
three specimens dosed at higher rate one, was annealed at. 600°C, one at 
. 700°C and one at 800°C. The annealing time was 15 minutes. The 
specimens were examined by RHEED after removing th e  Si3N4 using 
HF, and subsequently examined by TEM after thinning,
7 .4  Results /
7 .4 ,1  Room temperature implantation and unimplanted GaAs
For room, temperature implantation, only tellurium ions were 
employed. The annealing was carried out in two stages,' (i) at 400°C, 
by deposition of Si3N4 and (ii) at 700°C. The RHEED pattern of the 
specimen annealed at 400°C was spotty whereas the TED patterns of 
most of the area showed streaking and extra; spots which indicated 
twinning or stacking faults (Figs. 7 .3 and 7 .4 (b)), The electron 
micrographs of this area showed considerable disorder (Fig. 7 .4 (a)) 
and in some areas near the edge of the hole there were patches of 
Moire" fringes, . All these pictures confirmed that the specimen was 
partially recrystallised. Unfortunately, the hole was too. big, and 
the area near the edge was too thick for the details of the 
micrographs to be studied.
The RHEED pattern of the specimen annealed at 700°C showed 
single crystal spots. The transmission electron micrographs showed 
that the region was still disordered, and small dislocation loops 
were found (Fig. 7.5 ) 0 A TED pattern of the area showed a single 
crystal pattern of GaAs with Kikudii lines, which indicated that 
the crystal was perfect. The pattern resembled that shown in 
Fig. 7.6. (a) .
The RHEED pattern of the unimplanted GaAs showed it to be a 
perfect single crystal (Fig. 7 .6 (b)). Hie corresponding TED pattern 
also showred a single crystal spot pattern. Hie electron micrograph 
'showed no disordered region (Fig. 7 .7 (a)), and thickness extinct ion 
contours were also obtained awing to the thin wedge shaped region 
near the small hole. The corresponding TED pattern in Fig, 7 .7 (b) 
showed the Kikuchi lines on the centre spot and a diffraction spot.
7 .4 .2  Hot Sn implantation
For the specimen with Hie lower dose (3 x 1014ions/an2) annealed 
at 703°C, the RHEED pattern showed rings due to Si3NJf , but no GaAs 
spot pattern was detected. Hiis indicated that Si3Nq was still on 
the surface of the specimen, however this was not detected by TED.
The electron micrographs of this specimen showed dislocation loops, 
the densities of whidi were counted in a 1 cm square and tabulated 
in Table 7 ,1 .
For higher doses of 3 x 1 0 15 ions/an2; and annealing at 600°C, 
Si3Ntf was detected by RHEED but not TED; the electron micrographs 
showed some dislocation loops. Some areas were still disordered.
The TED pattern showed splitting of the single spots. This may 
indicate that Hie crystal vras still imperfect. The RHEED pattern 
from the specimen annealed at 700°C showed spots due to GaAs and
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4 .
F ig . 7 .3  RHEED p a tte rn  o f  Tie im planted a t  room tem perature 
and 150 keV, a f te r  removing S i3N4 .
F ig . 7®4 E le c tro n  m icrograph (a ) and correspond ing  TED 
p a tte rn  (b ) o f  GaAs Te+ im planted a t room 
tem perature and 150 keV, annealed a t 400 °c , 
(a ) showed patches o f H o ire / f r in g e s  (a rro w ).
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F ig * 7*5 E le c tro n  m icrograph o f GaA3, Te+ im p lanted a t 
room tem pera ture , 150 keV, annealed a t 700 ° c .  
D isordered re g io n  (d ) ,  d is lo c a t io n  loops (L ) 
and some d is lo c a t io n  l in e s  . 
g  = [220] , 23000X.
Fig. 7. TED and RHEED patterns of uniinplanted single 
crystal GaA3 .
(a)
' "(b)
Fig. 7*7 Electron micrograph and corresponding TED pattern
of unimplanted single crystal GaAs.
1 -  Centre spot.
2 = (004)
T a b l e  7 .1  D i s l o c a t i o n  l o o p  d e n s i t i e s  o f  
i n p l a n t e d  GaAs
I m p la n t e d
io n s
D o se  
io n s / c m 2 T a  -  ° C
L o o p
d e n s i t i e s  
-  2 
cm
*
T e 1 x  1 0 l l f . 700 7 x  1 0 9
Sn 3 x  1 0 l k 700 1 .3  x  I O 10
S n 3 x  1 0 15 60 0 1 .8  x  I O 10
S n 3 x  1 0 15 700 1.6  x  1 0 10
S n 3 x  1 0 15 800 1 . 3  x  I O 10
S i 4 10 I x l O 15 800 5 .7  x  I O 10
C d  5 1 x  1 0 15 600 2 .4  x  I O 10
S n  5 1 x  I O 15 65 0  - 1 . 4  x  I O 10
N e * 4 1 8 .7  x  1 0 15 700 4 .5  x  I O 10
T e4 2 1 x  I O 15 750 6 .4  x  1 0 9
T a  =  a n n e a l i n g  t e n p e r a t u r e
*  =  ro o m  t e n p e r a t u r e  im p l a n t a t i o n
t  =  s p e c im e n  a n n e a l e d  w i t h o u t  p r o t e c t i o n
r i n g s  d u e  t o  S i 3N t), T h e  TED p a t t e r n  f r o m  t h e  v e r y  t h i n  a r e a  n e a r  
H ie  e d g e  a l s o  s h o w e d  som e e x t r a  s p o t s  w h ic h  m ay b e  d u e  t o  im p u r i t y  
f r o m  H ie  s o l v e n t  o r  f r o m  S i 3N i*. E l e c t r o n  m ic r o g r a p h s  o f  H ie  s p e c im e n  
s h o w e d  b e t t e r  d e f i n e d  d i s l o c a t i o n  l o o p s  th a n  t h o s e  o f  t h e  s p e c im e n  
a n n e a l e d  a t  6 0 0 °C .  M o s t  o f  H ie  a r e a  o n  H ie  s p e c im e n  s h o w e d  m any  
d i s o r d e r e d  n e t w o r k s  w h ic h  may b e  d i s l o c a t i o n  n e t w o r k s  ( F i g .  7 . 8 ) .
F o r  H ie  s p e c im e n  a n n e a le d  a t  8 0 0 °C , t h e  RHEED p a t t e r n  s t i l l  s h o w e d  
S i 3N q r i n g s  w i t h  s i n g l e  c r y s t a l  G aA s s p o t s  ( F i g ,  7„ 9) « T h e  TED  
p a t t e r n  s h o w e d  p e r f e c t  s i n g l e  c r y s t a l  s p o t s .  H ie  m ic r o g r a p h s  o f  
H ie  a r e a  s h o w e d  v e r y  c l e a r  d i s l o c a t i o n  l o o p s ,  som e o f  w h i d i  w e r e  
l a r g e r  t h a n  H io s e  o b s e r v e d  i n  t h e  s p e c im e n  a n n e a le d  a t  7 0 0 °C ,
7 ,5  D i s c u s s i o n
TEM i n v e s t i g a t i o n  o f  im p la n t e d  G aA s h a s  b e e n  c a r r i e d  o u t  
p r e v i o u s l y ,  b u t  u s i n g  d i f f e r e n t  i o n s  f r o m  t h o s e  im p la n t e d  a t  S u r r e y .  
T h e  d i s l o c a t i o n  lo o p s  o b s e r v e d  w e r e  s i m i l a r  t o  t h o s e  o b t a i n e d  i n  
t h i s  w o r k .  H ie  l o o p  d e n s i t i e s  o f  o t h e r  w o r k e r s  w e r e  e s t i m a t e d  b y  
c o u n t in g  t h e  l o o p  d e n s i t i e s  f r o m  th e  e l e c t r o n  m ic r o g r a p h s  p u b l i s h e d  
i n  t h e s e  p r e v i o u s  p a p e r s .  H ie  d i s l o c a t i o n  l o o p  d e n s i t i e s  t a b u l a t e d  
i n  T a b l e  7 .1  w e r e  a l l  s i m i l a r .  H ie s e  v a l u e s  a r e  a l s o  s i m i l a r  t o  
H io s e  o b t a i n e d  b y  X - r a y  d i f f r a c t i o n  m e th o d s  (C h a p t e r  2 ) ,  I t  may b e  
a s s u m e d  t h a t  H ie  f o r m a t i o n  o f  t h e  d i s l o c a t i o n  lo o p s  m ay n o t  b e  
d e p e n d e n t  o n  t h e  i o n  s p e c i e s ,  b u t  H ie  dam age i s  g r e a t e r  f o r  h i g h e r  
d o s e s  a n d  th u s  m ay r e q u i r e  a  h i g h e r  a n n e a l i n g  t e m p e r a t u r e  t o  rem ove  
t h e  e f f e c t s .  N o  s i g n s  o f  a r s e n i c  n o r  o f  3 -G a 20 3 w e r e  o b s e r v e d  on  
RHEED an d  TED p a t t e r n s .
T h e  RHEED r e s u l t s  a r e  i n  g o o d  a g r e e m e n t  w i t h  TEM a n d  TED  
p a t t e r n s . I t  may b e  s e e n  H i a t  a f t e r  a n n e a l in g  a t  6 0 0 °C ,  t h e  s u r f a c e
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Fig. 7*8 Electron micrograph o f GaAs, Sn+ implantation 
at 180 °c, and 150 keV, annealed at 700 °c, 
showed dislocation loops and networks, 
g = [220] , 46OOOX.
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Fig. 7*9 RHEED ppattern of GaAs, Sn+ implantation
at 180 °c and 150 keV, annealed at 800 °c. 
Spot pattern corresponds to GaAs.
Rings are due to S i3N4.
g a v e  a  s p o t  p a t t e r n ,  w h i l e  t h e  c o r r e s p o n d in g  TED p a t t e r n  s h o w e d  
s p l i t t i n g  o f  t h e  s p o t s  a n d  t h e  e l e c t r o n  m ic r o g r a p h s  s h o w e d  d i s o r d e r e d  
r e g i o n s .  A f t e r  a n n e a l i n g  a t  70 0 °C  a n d  8 0 0 °C ,  t h e  RHEED a n d  TED  
p a t t e r n s  s h o w e d  n o  d a m a g e , w h i l e  e l e c t r o n  m ic r o g r a p h s  s h o w e d  t h a t  
th e  d i s o r d e r e d  r e g i o n s  r e c r y s t a l l i s e d  an d  fo rm e d  d i s l o c a t i o n  l o o p s .
T h i c k n e s s  f r i n g e s  w e r e  o b t a i n e d  i n  t h e  TEM s t u d i e s ,  t h e
d i s l o c a t i o n  lo o p s  a p p e a r i n g  j u s t  a f t e r  t h e  f i r s t  f r i n g e  ( F i g ,  7 , 1 0 ) ,
H ie  d e p t h  o f  t h e s e  l o o p s  f r o m  th e  s u r f a c e  c a n  b e  e s t i m a t e d  f r o m  t h e
f r i n g e  s e p a r a t i o n .  T h e  d e p t h  o f  o n e  f r i n g e  s e p a r a t i o n  w a s  c a l c u l a t e d
8
f r o m  e x t i n c t i o n  d i s t a n c e s  b y  S e a l y .  One f r i n g e  s e p a r a t i o n  i s  
o
a b o u t  470 A  f o r  an  a c c e l e r a t i n g  v o l t a g e  o f  120 k V  i f  t h e  o p e r a t i n g
v e c t o r  g  i s  [2 2 0 ] . T h u s  t h e s e  d i s l o c a t i o n  l o o p s  w e r e  fo rm e d  a b o u t  
o
4 7 0  A  f r o m  th e  s u r f a c e .  T h i s  d e p t h  c o r r e s p o n d s  q u i t e  w e l l  w i t h  th e
p r o j e c t e d  r a n g e  o f  t h e  t i n  i o n s  im p la n t e d  i n  GaAs c a l c u l a t e d  b y
9 °
• L in d h a r d ,  S c h a r f f  a n d  S c h i o t t ,  w h ic h  t h e y  p r e d i c t e d  t o  b e  41 1  A
f o r  Sn  im p la n t e d  i n  G aA s w i t h  a n  e n e r g y  o f  150  lceV .
- 1 4 6 -
Fig. 7.10 Electron micrograph of GaAs, Sn+ implantation 
at 180 °c and 150 keV, annealed at 800 °c.
The picture shows dislocation loops and thickness 
fringes near the edge of the hole, 
g = [220J , 23000X.
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CONCLUSIONS
H ie  p r o c e s s  o f  i o n  im p l a n t a t i o n  i n  G aA s c r y s t a l s  c a n  b e  d i v i d e d  
i n t o  t l i r e e  s t a g e s .
T h e  f i r s t  s t a g e  o f  s p e c im e n  p r e p a r a t i o n  c o n s i s t s  o f  o b t a i n i n g  
p e r f e c t  s i n g l e  c r y s t a l s  f o r  im p l a n t a t i o n .  T h e  G aAs c r y s t a l s  a r e  t h e n  
c u t ,  p o l i s h e d  a n d  e t c h e d .  T h e  d i f f r a c t i o n  r e s u l t s  f r o m  m e c h a n ic a l  
d am age  sh o w s  t h a t  g r e a t  c a r e  m u s t  b e  t a k e n  d u r i n g  t h e  w h o le  p r o c e s s ,  
a s  c o n s i d e r a b l e  r e s i d u a l  d am age  m ay b e  l e f t  o n  t h e  c r y s t a l  s u r f a c e  
a f t e r  t h e  u s u a l  p r o c e s s e s  f o r  t h e  r e m o v a l  o f  t h e  d am age  h a v e  b e e n  
e m p lo y e d .
H ie  s e c o n d  s t a g e  i s  t h e  b o m b a rd m en t o f  t h e  s i n g l e  c r y s t a l s  b y  
s e l e c t e d  i o n s .  H ie  d i s t r i b u t i o n  o f  t h e  io n s  d e p e n d s  o n  t h e  e n e r g y  
o f  t h e  i o n s .  Room t e m p e r a t u r e  i o n  im p l a n t a t i o n  v e r y  s e v e r e l y  
d i s t u r b s  t h e  c r y s t a l  s t r u c t u r e .  T h e  d i f f r a c t i o n  r e s u l t s  sh o w  t h a t  
h a l f  o f  t h e  s i n g l e  c r y s t a l  m a t e r i a l  i n  t h e  s u r f a c e  h a s  b e co m e  
p o l y c r y s t a l l i n e  o r  a m o rp h o u s . H i e  i o n s  a r e  i n a c t i v e  a n d  u n d e t e c t a b l e  
b y  e l e c t r i c a l  m e a s u re m e n ts .
T h e  f i n a l  s t a g e  i n  t h e  i m p l a n t a t i o n  p r o c e s s  i s  t h e  a n n e a l i n g  o f  
t h e  im p la n t e d  c r y s t a l s  t o  a  t e m p e r a t u r e  o f  o v e r  6 5 0 °C  i n  o r d e r  t o  
re m o v e  t h e  d am age  a n d  a l s o  a c t i v a t e  t h e  i o n  f o r  e l e c t r i c a l  
m e a s u re m e n ts .  A n n e a l i n g  i s  c a r r i e d  o u t  i n  a n  a t m o s p h e r e  o f  n i t r o g e n  
o r  i n  e v a c u a t e d  t u b e s .  T h e  RHEED r e s u l t s  sh o w  t h a t  c h a n g e s  o n  t h e  
s u r f a c e  o f  t h e  c r y s t a l  d u e  t o  h e a t  t r e a t m e n t  a r e  o f  g r e a t  c o m p le x i t y .  
I n  g e n e r a l  t h e  p r o c e s s  o c c u r r i n g  o n  a n n e a l i n g  c o u l d  i n c l u d e  som e o r  
a l l  o f  t h e  f o l l o w i n g ,  d e p e n d in g  o n  t h e  p r e v i o u s  im p l a n t a t i o n  
t r e a t m e n t :
( 1 )  R em o v a l o f  m ic r o  s t r a i n s
( 2 )  C r y s t a l l i t e  g r o w t h
( 3 )  F o r m a t io n  o f  p r e f e r r e d  o r i e n t a t i o n
( 4 )  D e c o m p o s i t io n  o f  G aAs
( 5 )  D i f f u s i o n  o f  a r s e n i c  t o  t h e  s u r f a c e
( 6 )  F o r m a t io n  o f  G a 2T e 3 , (3--Ga20 3 a n d  p o s s i b l y  o t h e r  
com pounds
A s  t h e  s t r a i n  i s  r e m o v e d , t h e  c r y s t a l s  g r o w  e p i t a x i a l l y  f r o m  
t h e  s u b s t r a t e  c r y s t a l .  T w in n in g  o f  G aA s w a s  fo u n d  a f t e r  a n n e a l i n g  a t  
4 0 0 " -5 0 0 °Co T h i s  e f f e c t  m ay b e  d i f f i c u l t  t o  a n n e a l  o u t  a t  h i g h e r  
t e m p e r a t u r e s o  M i c r o - t w i n s  o r  s t a c k i n g  f a u l t s  w e r e  a l s o  d e t e c t e d  i n  
TED p a t t e r n s ;  t h e - c o r r e s p o n d i n g  e l e c t r o n  m ic r o g r a p h s  sh o w e d  d i s o r d e r e d  
r e g i o n s  a n d  p a t c h e s  o f  M o i r e "  f r i n g e s .
F o r  h i g h  t e m p e r a t u r e  i m p l a n t a t i o n ,  t h e  RHEED r e s u l t s  sh o w  t h a t  
t h e  s t r u c t u r e  o f  t h e  c r y s t a l s  i s  n o t  d i s t u r b e d  a s  s e v e r e l y  a s  a f t e r  
ro o m  t e m p e r a t u r e  im p l a n t a t i o n .  H o w e v e r ,  som e d am age  w a s  o b s e r v e d  o n  
t h e  s u r f a c e  o f  t h e  im p la n t e d  c r y s t a l s  a n d  t h i s  m u st  b e  a n n e a l e d  o u t .  
T h e  r e s u l t s  sh o w  t h a t  som e e f f e c t s  d u e  t o  h e a t  t r e a t m e n t  s t i l l  o c c u r  
o n  t h e  s u r f a c e  o f  t h e s e  s p e c im e n s ,  s u c h  a s  d i f f u s i o n  o f  a r s e n i c  a n d  
f o r m a t i o n  o f  3 -G a 20 3 . T h e s e  e f f e c t s ,  h o w e v e r ,  a r e  o n l y  s u p e r f i c i a l .  
T h e  r e g i o n s  u n d e r n e a t h  t h e s e  l a y e r s  a r e  s i n g l e  c r y s t a l s ,  a n d  n o  t w in s  
h a v e  b e e n  o b s e r v e d .
T h e  s u r f a c e  o f  t h e  im p la n t e d  s p e c im e n s  m ay b e  p r o t e c t e d  b y  
v a r i o u s  e n c a p s u l a t o r s  d u r i n g  a n n e a l i n g  i n  o r d e r  t o  s t o p  t h e  o u t -  
d i f f u s i o n  o f  a r s e n i c  a n d  t h e  f o r m a t i o n  o f  3 " G a 20 3 . T h e  e n c a p s u l a t o r s  
u s e d  a r e  S i 0 2 , S i 3N i*, A £  a n d  o x id .e s  fo rm e d  f r o m  h e a t i n g  G a A s . M o s t  
o f  them  c a n  s t o p  t h e  o u t - d i f f u s i o n  o f  a r s e n i c  m id  p r e v e n t  t h e  
o x i d a t i o n  o f  g a l l i u m ,  b u t  S i 0 2 a l l o w s  3 -G a 20 3 f o r m a t i o n .  H o w e v e r ,
i t  i s  v e r y  d i f f i c u l t  c o m p le t e l y  t o  re m o v e  t h e  e n c a p s u l a t o r s  w i t h o u t  
f u r t h e r  dam age  t o  t h e  c r y s t a l s .
E l e c t r o n  m ic r o g r a p h  s t u d i e s  o f  t h e  a n n e a l i n g  b e h a v i o u r  o f  h i g h  
t e m p e r a t u r e  im p la n t e d  s a m p le s  w i t h  e n c a p s u l a t o r  c o a t i n g s  i n d i c a t e  t h e  
f o r m a t i o n  o f  d i s l o c a t i o n  n e t w o r k s  a n d  d i s l o c a t i o n  l o o p s .  T h e  l o o p s  
i n c r e a s e  i n  s i z e  w i t h  i n c r e a s e  i n  a n n e a l i n g  t e m p e r a t u r e s .  N o  e v i d e n c e  
o f  t w in s  h a s  b e e n  fo u n d  i n  TED p a t t e r n s ,  an d  t h e  e l e c t r o n  m ic r o g r a p h s  
sh o w  no  M o i r e 7f r i n g e s .  D i s l o c a t i o n  l o o p s  s t a r t  t o  a p p e a r  a t  a  
t e m p e r a t u r e  o f  6 0 0 °C ,  w h i l e  t h e  d i s o r d e r e d  r e g i o n s  b e g i n  t o  
r e c r y s t a l l i s e .  H i e  l o o p s  a r e  c l e a r l y  v i s i b l e  a t  a  d e p t h  b e n e a t h  t h e  
s u r f a c e  a t  a p p r o x im a t e ly  t h e  p r o j e c t e d  r a n g e  m axim um  o f  t h e  im p la n t e d  
i o n s ,  p r e d i c t e d  b y  L in d h a r d ,  S c h a r f f  a n d  S c h i o t t .
I t  m ay b e  s e e n  t h a t  h i g h  t e m p e r a t u r e  i m p l a n t a t i o n  a n d  s p e c im e n  
e n c a p s u l a t o r  c o a t i n g  p r i o r  t o  a n n e a l i n g  seem  t o  h a v e  a d v a n t a g e s  o v e r  
ro o m  t e n p e r a t u r e  im p l a n t a t i o n  a n d  s p e c im e n s  a n n e a l e d  w i t h o u t  p r o t e c t i o n .  
H i e r e f o r e ,  i n  t h e  s e c o n d  a n d  t h i r d  s t a g e s  o f  t h e  i o n  I m p la n t a t i o n  
p r o c e s s ,  H ie  s p e c im e n s  a r e  h e a t e d  u p  t o  1 8 0 °C  d u r i n g  im p l a n t a t i o n  a n d  
a n n e a l e d  w i t h  e n c a p s u l a t o r  p r o t e c t i o n .  I m p la n t a t i o n  t h r o u g h  t h e  
e n c a p s u l a t o r  l a y e r s  h a s  b e e n  r e c e n t l y  c a r r i e d  o u t  b u t  s o  f a r  t h i s  
p r o c e s s  i s  s t i l l  a t  a n  e a r l y  s t a g e  o f  d e v e lo p m e n t .
I t  c a n  b e  s e e n  t h a t  RHEED i s  u s e f u l  f o r  t h e  s t u d y  o f  i o n  
i m p l a n t a t i o n  o f  G a A s . A l t h o u g h  m any t e c h n iq u e s  a r e  a p p l i c a b l e  t o  
t h e s e  s t u d i e s ,  t h e  RHEED t e c h n iq u e s  seem  t o  h a v e  t h e  f o l l o w i n g  
a d v a n t a g e s  o v e r  o t h e r  m e t h o d s :
( a )  I d e n t i f i c a t i o n  o f  com pou nds o n  t h e  s p e c im e n  s u r f a c e
RHEED c a n  b e  u s e d  t o  i d e n t i f y  com pounds o n  t h e  s p e c im e n
s u r f a c e  f o r  w h ic h  o t h e r w i s e  o n l y  TEM m e th o d s  m ay b e  
s u i t a b l e .  ' *
( b )  V e r y  f i n e  r e s o l u t i o n
W it h  i t s  v e r y  . f i n e  r e s o l u t i o n  o f  <50  X ,  t h e  RHEED t e c h n iq u e  
c a n  b e  u s e d  t o  s t u d y  t h e  d e p t h  o f  d e f o r m a t io n  i n  t h e  c r y s t a l  
i n  d e t a i l ,  a l t e r n a t i v e l y  RBS c a n  b e  u s e d  b u t  w i t h  p o o r  
r e s o l u t i o n .
N o n -d e s  t r u c t i o n
RHEED i s  a  n o n - d e s t i u c t i v e  t e c h n i q u e . F o r  s u r f a c e  s t u d i e s  
t h e  s p e c im e n s  t o  b e  i n v e s t i g a t e d  a r e  n o t  d am aged  b y  RHEED. 
A f t e r  i n v e s t i g a t i o n ,  t h e  s p e c im e n s  c a n  s t i l l  b e  u s e d  f o r  
o t h e r  p u r p o s e s ,  w h e r e a s  w i t h  RBS t h e y  a r e  d am aged  b y  t h e  
h e l iu m  i o n s .  I n  H ie  TEM m e H io d , t h e  s p e c im e n s  a r e  H i in n e d  
b y  j e t  e t c h i n g  a n d  c a n  n o t  b e  u s e d  a f t e r  i n v e s t i g a t i o n  b y  
e l e c t r o n  m ic r o s c o p y .
E a s e  o f  u s e  a n d  q u i c k e r  i n v e s t i g a t i o n
RHEED i s  v e r y  q u i c k  a n d  e a s y  t o  u s e ,  f o r  e x a m p le ,  i t  t a k e s  
o n l y  h a l f  a n  h o u r  t o  i n v e s t i g a t e  o n e  s p e c im e n ,  w h i l e  w i t h  
t h e  RBS m eH io d  i t  s o m e t im e s  t a k e s  u p  t o  3 h o u r s .  T h e  TEM  
m e H io d ,s o m e t im e s  t a k e s  a  d a y  f o r  s p e c im e n  p r e p a r a t i o n  a n d  
t h e  r a t e  o f  s u c c e s s  i s  o n l y  50%.
H o w e v e r , i n f o r m a t i o n  f r o m  a l l  t h e  v a r i o u s  t e c h n i q u e s  i s  u s e f u l  
f o r  c o m p a r i s o n  a n d  a i d s  f u l l e r  u n d e r s t a n d in g  o f  H ie  p r o c e s s  o f  i o n  
im p l a n t a t i o n  i n  G aAs c r y s t a l s .
(G)
(d)
CHAPTER 8
W i t h in  th e  l a s t  f i v e  y e a r s ,  i o n  im p l a n t a t i o n  i n  t a n t a lu m  h a s  
b e e n  w i d e l y  s t u d i e d .  T a n t a lu m  t h i n  f i l m s  h a v e  b e e n  u s e d  a s  t h e  b a s i s  
f o r  t h e  m a n u fa c t u r e  o f  t h i n  f i l m  c i r c u i t s .  T h e y  a r e  a t  p r e s e n t  u s e d  
a s  r e s i s t o r s  i n  i n t e g r a t e d  c i r c u i t s  b e c a u s e  o f  t h e i r  e x c e l l e n t  
s t a b i l i t y ,  r e l i a b i l i t y ,  lo w  t h e r m a l  c o e f f i c i e n t  o f  r e s i s t i v i t y  (T C R ) 
a n d  w id e  v a r i a t i o n  o f  r e s i s t i v i t y  w i t h  i m p u r i t i e s .  I n  th e  D e p a r tm e n t  
o f  E l e c t r o n i c  a n d  E l e c t r i c a l  E n g i n e e r i n g  a t  th e  U n i v e r s i t y  o f  S u r r e y ,  
w o r k  h a s  b e e n  c a r r i e d  o u t  t o  c o n t r o l  t h e  r e s i s t i v i t y ,  TCR a n d  c a p a c i t y  
o f  i o n  im p la n t e d  t a n t a lu m , f i l m s .
8 .1  L i t e r a t u r e  s u r v e y
T a n t a lu m  i s  a  w h i t e ,  r a r e  e a r t h  m a t e r i a l .  I t  h a s  a  d e n s i t y  o f  
1 6 .6 0  gm/ml an d  a  m e l t i n g  p o i n t  a r o u n d  3 0 0 0 ° C .  The s t r u c t u r e  h a s  
m e t a l l i c  b o n d in g  a n d  c r y s t a l l i s e s  i n  b o d y - c e n t r e d  c u b i c ,  w i t h  a  
l a t t i c e  p a r a m e t e r  o f  3 .3 0 5 8  X ,  s p a c e  g r o u p  Im3m, I t  h a s  v e r y  h i g h  
d u c t i l i t y  an d  a  r e m a r k a b le  a b i l i t y  t o  a b s o r b  g a s e s .  T a n t a lu m  h a s  
o u t s t a n d in g  r e s i s t a n c e  t o  c h e m ic a l  a t t a c k  d u e  t o  t h e  p r o d u c t i o n  o f  
a  t o u g h . o x i d e  f i l m .  T h e  e x c e l l e n t  d i e l e c t r i c  p r o p e r t i e s  o f  t h e  
o x id e  a r e  u t i l i s e d  i n  t a n t a lu m  f o i l  c o n d e n s e r s .  I n  1 9 6 4 , G e r s t e n b e r g  
a n d  C a l b i c k  s t u d i e d  t h e  v a r i a t i o n  o f  e l e c t r i c a l  p r o p e r t i e s  o f  t h i n  
t a n t a lu m  f i l m  w i t h  v a r i o u s  a tm o s p h e r e s  d u r i n g  s p u t t e r i n g .  T h e  g a s e s  
u s e d  w e r e  a r g o n ,  n i t r o g e n ,  m eth an e - a n d  o x y g e n .  I n  t h e  p r e s e n c e  o f  
a r g o n  o n l y  b . c . c .  T a  w a s  fo u n d  o n  t h e  s p u t t e r e d  f i l m .  W it h  m ix e d  
a r g o n - n i t r o g e n ,  T a 2N a n d  T aN  w e r e  o b s e r v e d ,  f o r  m e th an e  a n d  o x y g e n ,  
T aC  a n d  T a 20 5 r e s p e c t i v e l y  w e r e  o b s e r v e d .  T h e  c h a n g e s  o f  e l e c t r i c a l
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B o g g io  a n d  F a r n s w o r t h  s t u d i e d  t h e  c h a n g e s  i n  th e  s u r f a c e  s t r u c t u r e  
o f  t a n t a lu m  (1 1 0 )  f a c e  a s  a  f u n c t i o n  o f  i o n  b o m b ard m en t an d  h e a t  
t r e a t m e n t ,  u s i n g  LEED.
A f t e r  a n n e a l i n g  a t  1 4 0 0 °C ,  t h e  s u r f a c e  s t r u c t u r e  w a s  f o u n d  t o  b e  
s t a b l e .  F o r  LEED s p e c im e n  p r e p a r a t i o n ,  t h e  c r y s t a l  w a s  c u t  p a r a l l e l  
t o  t h e  (1 1 0 )  f a c e ,  m e c h a n i c a l l y  p o l i s h e d ,  c h e m ic a l l y  e t c h e d  f o r  
10 s e c o n d s  w i t h  a  5 : 2 : 2  m ix t u r e  o f  H 2S 0 q , H N 03 a n d  48% o f  HF a n d  t h e n  
e l e c t r o p o l i s h e d  f o r  10  m in u te s  i n  a  2 0 :2 0 :5 ' m ix t u r e  o f  H C £ , H 20  a n d  48% 
H F . A f t e r  t h i s  t r e a t m e n t  th e  s p e c im e n s  w e r e  r e p o r t e d  t o  h a v e  m i r r o r -  
l i k e  f a c e s  an d  g a v e  s h a r p  b a c k - r e  f l e e t  i o n  X - r a y  p h o t o g r a p h s  f r o m  th e  
(1 1 0 )  f a c e .  T h e  s p e c im e n  w a s  th e n  i o n  b o m b a rd e d  a n d  h e a t  t r e a t e d  i n  
t h e  LEED a p p a r a t u s .  T h e  f o r m a t io n  o f  TaO  o n  th e  t a n t a lu m  (1 1 0 )  f a c e
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d u e  t o  r e a c t i o n  w i t h  o x y g e n  g a s  w a s  a l s o  s t u d i e d  u s i n g  t h e  LEED  
t e c h n i q u e  w i t h  t h e  sam e s p e c im e n  p r e p a r a t i o n .
I n  1 9 6 5 , a  s e c o n d  p h a s e  o f  t a n t a lu m  w a s  d i s c o v e r e d  b y  R e a d  an d
A l t m a n ,4 d u r i n g  t h e  i n v e s t i g a t i o n  o f  s p u t t e r e d  t a n t a lu m  f i l m s  o f
t h i c k n e s s  100 -  20000  X , T h i s  n ew  p h a s e  c r y s t a l l i s e d  i n  th e  t e t r a g o n a l
s y s t e m  a n d  w a s  c a l l e d  b e t a  t a n t a lu m  ( 3 - T a ) .  B o th  B -T a  a n d  b . c . c .  T a
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may b e  fo rm e d  b y  s p u t t e r i n g  a t  a  r e s i d u a l  g a s  p r e s s u r e  o f  2 x  10 t o r r  
o r  i n  a  t o t a l  p r e s s u r e  o f  20  x  10 t o r r  o f  a r g o n .  I t  w a s  fo u n d  t h a t  
3- T a  may r e a c t  w i t h  t h e  a d d e d  g a s  a n d  p e r m i t  th e  f o r m a t io n  o f  t h e  
n o rm a l  fo rm . I t  w a s  a l s o  f o u n d  t h a t  3 -T a  f i l m s  m ay c h a n g e  i n t o  b . c . c .  T a  
a t  7 5 5 ~ 7 7 5 °C  w h en  h e a t e d  i n  a  v acu u m  o f  <6  x  1 0  8 t o r r .  T h e  r e s i s t i v i t y  
o f  3 - T a  i s  a b o u t  f i v e  t im e s  t h a t  o f  b . c . c .  T a  an d  t h e  t h e r m a l  c o e f f i c i e n t  
o f  r e s i s t i v i t y . (T C R ) o f  3 -T a  i s  a l s o  d i f f e r e n t  f r o m  t h a t  o f  b . c . c ,  T a .
T h e r m a l o x i d a t i o n  o f  s p u t t e r e d  T a  f i l m s  a t  t h e  t e m p e r a t u r e s  b e t w e e n  
1 0 0 °C  a n d  5 2 5 °C  w a s  s t u d i e d  b y  S t e i d e l  an d  G e r s t e n b e r g 5 i n  1 9 6 9 . T a 20 5
properties due to these compounds were reported.
w a s  d e t e c t e d ,  an d  H ie  d i e l e c t r i c  p r o p e r t i e s  o f  H i i s  t h e r m a l  o x id e  
w e r e  a l s o  d i s c u s s e d .
T h e  e f f e c t s  o f  o x y g e n  o n  t h e  e l e c t r i c a l  a n d  s t r u c t u r a l  p r o p e r t i e s  
o f  s p u t t e r e d  T a  f i lm s  w e r e  s t u d i e d  i n  m ore  d e t a i l  b y  W a t e r h o u s e  e t  a l 6 
i n  1 9 7 1 . X ~ r a y  d i f f r a c t o m e t e r  an d  e l e c t r i c a l  m e a su re m e n ts  w e r e  
e m p lo y e d .  T h e  r e s u l t s  s u g g e s t e d  t h a t  b . c . c .  T a  m ay c h a n g e  t o  B ~ T a  
a f t e r  i n i t i a l l y  a b s o r b i n g  o x y g e n  a n d  e v e n t u a l l y  m ay fo r m  t a n t a lu m  
o x i d e .
C h a n g e s  i n  t h e  e l e c t r i c a l  p r o p e r t i e s  o f  t a n t a lu m  f i l m s  s p u t t e r e d
7
i n  o x y g e n  a n d  n i t r o g e n  s i m u l t a n e o u s l y  w e r e  s t u d i e d  b y  H a r d y  e t  a l .  
E l e c t r o n  m ic r o s c o p y  w a s  e m p lo y e d  t o  a n a ly s e  t h e  s t r u c t u r e .  T a 20 5 w a s  
d e t e c t e d  a f t e r  a n n e a l i n g  a t  5 0 0 °C .
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T h e  s t r u c t u r e  o f  T a  n i t r i d e s  w a s  s t u d i e d  b y  T e r a o ,  an d  i t  w a s  
d e m o n s t r a t e d  t h a t  b y  h e a t  t r e a t m e n t  b e t w e e n  6 0 0 °C  t o  1 0 0 0 °C ,  s e v e n  
p h a s e s  o f  t a n t a lu m  n i t r i d e  c o u l d  b e  d e t e c t e d .
I n  1 9 7 2 , S c h a u e r  a n d  R o s c h y 9 d e p o s i t e d  t a n t a lu m  f i l m  o n  g l a s s  a n d
a l s o  o n  o x i d e  c o a t e d  s u b s t r a t e s  b y  s p u t t e r i n g ,  3 ~ T a  a n d  b . c . c ,  T a
w e r e  d e t e c t e d .
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I n  1 9 7 3 , N a k a m u ra  e t  a l  o b t a i n e d  t a n t a lu m  n i t r i d e  f i l m s  b y
s p u t t e r i n g  i n  a n  a t m o s p h e r e  o f  n i t r o g e n .  T h e s e  f i l m s  w e r e  fo u n d  t o
b e  T a 2N  an d  T a N .
C h a n g e s  i n  t h e  r e s i s t i v i t y  o f  t a n t a lu m  r e s i s t o r s  d u e  t o  i o n
11
im p l a n t a t i o n  h a v e  b e e n  s t u d i e d  b y  D e e r y  e t  a l .  T h e  t h i c k n e s s  o f  
th e  f i l m s  w a s  400  -  1800  X , T h e  i o n s  u s e d  w e r e  a r g o n ,  o x y g e n  a n d  
n i t r o g e n  o f  e n e r g i e s  2 0 -1 1 0  k e V .  H ie  d e p e n d e n c e  o f  r e s i s t i v i t y  a n d  
t h e r m a l  c o e f f i c i e n t  o f  r e s i s t i v i t y  o n  d o s e  w e r e  m e a s u r e d .  T he  c h a n g e s
i n  r e s i s t i v i t y  s h o w e d  som e a s s o c i a t i o n  w i t h  t h e  f o r m a t i o n  o f  T a 20 5 f o r  
o x y g e n  b o m b ard m en t a i d  T a 2N  a n d  T aN  f o r  n i t r o g e n  b o m b a rd m e n t .
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W i l s o n  e t  a l  i n  1974 s t u d i e d  t h e  e l e c t r i c a l  p r o p e r t i e s  o f  
t a n t a lu m  f i l m s  a n d  t  a n t  a lu m /  a lu m in iu m  a l l o y s .  D e p th  p r o f i l i n g  o f  p u r e  
t a n t a lu m  f i l m  w a s  o b t a i n e d  u s i n g  a n  e l e c t r o n  s p e c t r o m e t e r  f o r  c h e m ic a l  
a n a l y s i s  (E S C A ) c o u p le d  w i t h  a r g o n  i o n  e t c h i n g ,  R u t h e r f o r d  b a c k  
s c a t t e r i n g  w as  a l s o  e m p lo y e d  a n d  t h e  r e s u l t s  i n d i c a t e d  an  o x i d i s e d  
l a y e r  o f  a b o u t  40 X  i n  t h i c k n e s s .
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I t  h a s  b e e n  sh o w n  b y  H i e b e r  t h a t  a - T a ,  3 - T a ,  T a 2N ,  T aN  an d  
T a 2N 5 f i lm s  c a n  b e  p r o d u c e d  b y  c h e m ic a l  v a p o u r  d e p o s i t i o n  (C V D ) ,
T r a n s m i s s i o n - e l e c t r o n  m ic r o s c o p y  w a s  e m p lo y e d  t o  a n a ly s e  t h e  s t r u c t u r e ,  
o f  t h e  f i l m .  E l e c t r i c a l  m e a s u re m e n ts  r e v e a l e d  t h a t  t h e  r e s i s t i v i t i e s  
o f  CVD f i l m s  a r e  c o m p a r a b le  w i t h  t h o s e  o f  s p u t t e r e d  f i l m s .
I n  1 9 7 5 , W i l s o n  e t  a l 44 s t u d i e d  t a n t a lu m  a n d  t a n t a lu m  o x id e  f i l m s , ,  
o f ' t h i c k n e s s  500  X ,  im p la n t e d  w i t h  a r g o n ,  o x y g e n  an d  n i t r o g e n  i o n s ,
T h e  p h a s e  s t r u c t u r e  o f  t h e  f i l m s  w a s  d e t e r m in e d  b y  TEM a n d  t h e  d o s e  
d e p e n d e n c e  o f  r e s i s t i v i t y  a n d  t h e r m a l  c o e f f i c i e n t  o f  r e s i s t i v i t y  w a s  
s a t i s f a c t o r i l y  e x p l a i n e d  i n  te rm s  o f  t h e  p r e c i p i t a t i o n  o f  com pounds  
fo rm e d  i n  t h e  f i l m s .  T h e s e  p r e c i p i t a t e s  w e r e  i d e n t i f i e d  a s  T a 0 2 . I n  
t h e  s p e c im e n  p r e p a r a t i o n  f o r  TEM , a lu m in iu m  w a s  c o a t e d  o n  th e  g l a s s  
p r i o r  t o  s p u t t e r i n g  t a n t a lu m .  A f t e r  i m p l a n t a t i o n ,  t h e  a lu m in iu m  w a s  
re m o v e d  b y  s o d iu m  h y d r o x id e  a n d  th e  im p la n t e d  f i l m s  w e r e  p l a c e d  on  
t h e  e l e c t r o n  m ic r o s c o p e  g r i d .
I t  m ay b e  s e e n  t h a t  t h e  r e s i s t i v i t y  a n d  TCR  o f  t a n t a lu m  f i l m s  
a r e  a f f e c t e d  b y  t h e  d o s e s  a n d  th e  s p e c i e s  o f  t h e  im p la n t e d  i o n s .  H e a t  
t r e a t m e n t  p r o d u c e d  o x i d a t i o n ,  w h ic h  a l s o  c h a n g e s  t h e s e  e l e c t r i c a l  
p r o p e r t i e s .  I n  t h i s  w o r k  c h a n g e s  d u e  t o  h e a t  t r e a t m e n t  w e r e  s t u d i e d  
i n  t a n t a lu m  p o w d e r  an d  a l s o  t h i n  t a n t a lu m  f i l m ,  b o t h  a s  s p u t t e r e d  an d
n i t r o g e n  im p la n t e d .  T h e  f i l m s  w e r e  a l l  g l a s s  s u p p o r t e d .  C h a n g e s  o n  
th e  s u r f a c e  w e r e  a l s o  i n v e s t i g a t e d  i n  o r d e r  t o  c o m p are  th em  w i t h  t h e  
r e s u l t s  o b t a i n e d  f r o m  a lu m in iu m  s u p p o r t e d  f i l m s . 1-4
8.2 C h a n g e s  d u e  t o  h e a t  t r e a t m e n t  o f  p o w d e r e d  t a n t a lu m
I n  o r d e r  t o  s t u d y  th e  c h a n g e s  i n  t a n t a lu m  d u e  t o  l ie  a t  t r e a t m e n t ,  
t h e  X - r a y  p o w d e r  p h o t o g r a p h  m e th o d  w a s  t r i e d .  P o w d e r e d  t a n t a lu m  w a s  
o b t a i n e d  b y  f i l i n g  a  s h e e t  o f  p u r e  t a n t a lu m  a n d  s c r e e n i n g  th e  f i l i n g s  
t h r o u g h  T3 2 5 f m esh . A n  X - r a y  p o w d e r  p h o t o g r a p h  o f  t h i s  p o w d e r  s h o w e d  
v e r y  b r o a d  l i n e s  o f  T a  ( b . c . c , ) .  T h e  p o w d e r  w a s  t h e n  a n n e a l e d  i n  
e v a c u a t e d  q u a r t z  t u b e s  f o r  o n e  h o u r  a t  t e m p e r a t u r e s  o f  6 0 3 : , 700 ,
8 0 0 ' , 900- an d  1 0 0 0 °C ,  a n d  a n  X - r a y  p o w d e r  p h o t o g r a p h  w a s  t a k e n  a f t e r  
e a d i  h e a t  t r e a t m e n t ,  A  P h i l i p s  p o w d e r  c a m e ra  o*f 1 1 ,4 6  cm d ia m e t e r  
w a s  u s e d ,  w i t h  n i c k e l  f i l t e r e d  C u  K a  r a d i a t i o n .  T h e  X - r a y  p o w d e r  
p h o t o g r a p h s  o b t a i n e d  a r e  sh ow n  i n  F i g .  8 .1 .
8 . 2 . 2  L in e  b r o a d e n i n g  s t u d y
A s  th e  X - r a y  l i n e  b r o a d e n i n g  m e th o d  w a s  s u c c e s s f u l l y  u s e d  t o  s t u d y  
t h e  c h a n g e s  d u e  t o  h e a t  t r e a t m e n t  o f  d am aged  G aA s  (C h a p t e r  2 ) , i t  se e m e d  
w o r t h w h i l e  t o  u s e  t h i s  m e th o d  t o  s t u d y  p o w d e r e d  t a n t a lu m .  T h e  s a m p le  
w a s  o b t a i n e d  b y  t h e  sam e m e th o d  a s  t h a t  d e s c r i b e d  i n  S e c t i o n  8 . 2 . 1 ,  
b u t  t h e  g r a i n s  w e r e  v e r y  c o a r s e ,  s o  t h e  p o w d e r  w a s  m i l l e d  f o r  10  
m in u te s  u s i n g  an  a g a t e  m o r t a r  a n d  a g a t e  b a l l  p e s t l e s .  H i e  s p e c im e n  
w a s  a n n e a l e d  i n  an  e v a c u a t e d  t u b e  a t  t e m p e r a t u r e s  r a n g i n g  f r o m  4 0 0 °C  t o  
1 0 0 0 °C ,  i n  s t e p s  o f  1 C 0 °C ,  f o r  o n e  h o u r  a t  e a c h  s t e p .  H ie  c h a n g e s  i n  
t h e  d i f f r a c t i o n  l i n e s  o f  t h e  u n a n n e a le d  a n d  a n n e a l e d  s p e c im e n s  w e r e  
s t u d i e d  u s i n g  t h e  d i f f r a c t o m e t e r  a n d  t h e  m e th o d s  s i m i l a r  t o  t h o s e  i n
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C h a p t e r  2 .  A n  X - r a y  p o w d e r  p h o t o g r a p h  w a s  a l s o  t a k e n  b e f o r e  s c a n n in g  
on  t h e  d i f f r a c t o m e t e r *  P a c k in g  th e  s a m p le  i n  t h e  d i f f r a c t o m e t e r  
s p e c im e n  h o l d e r  w a s  d i f f i c u l t  a s  t h e  p o w d e r  a lw a y s  f e l l  f r o m  th e  
s p e c im e n  h o l d e r  d u r i n g  r o t a t i o n .  D r o p s  o f  o i l  w e r e  u s e d  t o  im p ro v e  e 
t h e  p a c k i n g  b u t  th e  o i l  h a d  t o  b e  w a s h e d  o f f  u s i n g  p e t r o l e u m  e t h e r  
b e f o r e  a n n e a l i n g .
H ie  r e f l e c t i o n s  s e l e c t e d  f o r  s t u d y  w e r e  ( 1 1 0 ) ,  (2 0 0 )  , ( 2 1 1 ) ,
( 2 2 0 ) ,  (3 1 0 )  a i d  (3 2 1 ) % b e c a u s e  o f  t h e i r  s t r o n g  i n t e n s i t i e s ,
15 '
R a c h i n g e r 's  m e th o d * "  w a s  u s e d  t o  r e s o l v e  th e  K a i a n d  K a *  r a d i a t i o n ,
1 £\
a i d  -the i n t e g r a l  b r e a d t h  m e th o d s  o f  W a g n e r  w e r e  e m p lo y e d  f o r  th e  
a n a l y s i s .
H ie  i n s t r u m e n t a l  b r o a d e n i n g  h e r e  ( 3 j * )  w a s  o b t a i n e d  f r o m  t h e
1 0 0 0 °C  a n n e a le d  t a n t a lu m ,  a s  u n d a m a g e d  p o w d e r e d  t a n t a lu m  i s  v e r y
d i f f i c u l t  t o  o b t a i n .  B r o a d e n in g  d u e  t o  t h e  s p e c im e n  (3  * )  w a s  o b t a i n e d
b y  s u b t r a c t i o n  o f  t h e  i n s t r u m e n t a l  b r o a d e n i n g  f r o m  t h e  t o t a l  b r o a d e n i n g
2 2
( 3 ^ * )  u s i n g  e q u a t i o n  ( 2 . 5 ) .  H i e  p l o t  o f  (3  * )  a g a i n s t  ( d * )  i s  sh ow n  
i n  F i g .  8 , 2 .  H i e  v a l u e s  o f  m i c r o s t r a i n  an d  c r y s t a l l i t e  s i z e  a t  e a c h  
t e m p e r a t u r e  w e r e  o b t a i n e d  f r o m  t h e  s l o p e  a n d  t h e  i n t e r c e p t s  o f  g r a p h s  
r e s p e c t i v e l y  a c c o r d i n g  t o  H ie  e q u a t i o n  ( 2 . 6 ) .
T h e  v a r i a t i o n  o f  c r y s t a l l i t e  s i z e  a n d  m i c r o s t r a i n  w i t h  t h e  
a n n e a l in g ,  t e m p e r a t u r e s  i s  sh o w n  i n  F i g .  8 ,3 ,
8 . 2 . 3  R e s u l t s
( a )  X - r a y  p o w d e r  p h o t o g r a p h s
T h e  X - r a y  p o w d e r  p h o t o g r a p h s  s h o w e d  t h a t  t h e  r e c r y s t a l l i s a t i o n  
o f  p o w d e r e d  t a n t a lu m  w a s ’ v e r y  s lo w  a f t e r  a n n e a l i n g  a t  6 0 0 °C  a s  n o  
n o t i c e a b l e  c h a n g e  f r o m  H ie  p h o t o g r a p h  o f  u n a n n e a le d  p o w d e r  w a s  d e t e c t e d .  
H ie  d i f f r a c t i o n  l i n e s  s h a r p e n e d  up  a  l i t t l e  a t  7 0 0 °C  ( F i g .  8 . 1 ) , .

F i g .  8 * 3  E f f e c - t  o f  a n n e a l i n g  t e m p e r a t u r e s  o n  
c r y s t a l l i t e  s i z e  a n d  m i c r o s t r a i n  i n
b a l l  m i l l e d  t a n t a l u m
o  C r y s t a l l i t e  s i z e  
o  M i c r o s t r a i n
A f t e r  a n n e a l i n g  a t  800 ° C P t h e  s e p a r a t i o n  o f  Kct* a n d  K a2 a t  h i g j i  a n g l e s  
b e g a n  t o  sh o w . A f t e r  a n n e a l i n g  a t  9 0 0 °C ,  t h e  c r y s  t a l l  i n i  t y  o f  t h e  
p o w d e r e d  t a n t a lu m  w a s  a lm o s t  c o m p le t e ly  r e s t o r e d .  T h e  X - r a y  p h o t o ­
g r a p h  o b t a i n e d  a f t e r  a n n e a l i n g  a t  1 0 0 0 °C  w a s  s i m i l a r  t o  t h a t  o b t a i n e d  
a f t e r  a n n e a l i n g  a t  9 0 0 °C ,  Some e x t r a  f a i n t  l i n e s  a p p e a r e d  a t  9 0 0 °C  
a n d  1 0 0 0 °C  b u t  th e y  w e r e  u n i d e n t i f i a b l e .  N o  3“ T a  w a s  o b s e r v e d .
( b )  L in e  b r o a d e n i n g  s t u d y  u s i n g  d i f f r a c t o m e t r y
X - r a y  d i f f r a c t i o n  p r o f i l e s  o f  t h e  p o w d e r e d  t a n t a lu m  w e r e  v e r y  
b r o a d  an d  s h o w e d  l i t t l e  c h a n g e  w i t h  a n n e a l i n g  t e m p e r a t u r e s  b e t w e e n  
4 0 Q °C  t o  6 0 0 °C  f r o m  t h a t  o f  an  a n n e a le d  s p e c im e n .  T h e s e  p r o f i l e s  
s h a r p e n e d  a f t e r  h e a t  t r e a t m e n t  a t  7 0 0 °C S a n d  t h e  K0+  a n d  I<a2 l i n e s  
b e g a n  t o  r e s o l v e  a t  800 ° C ,  A f t e r  a n n e a l i n g  a t  9 0 0 ° C ,  t h e  p e a k s  w e r e  
w e l l - r e s o l v e d ,  w h ic h  i n d i c a t e d  g o o d  c r y s t a l l i n i t y ;  a t  1 0 0 0 °C  t h e  
• p r o f i l e s  w e r e  v e r y  s i m i l a r  t o  t h o s e  p r o d u c e d  a f t e r  a n n e a l i n g  a t  9 0 0 ° C .
F i g .  8 ,3  sh o w s  th e  e f f e c t s  o f  a n n e a l i n g ' t e m p e r a t u r e s  on  c r y s t a l l i t e
s i z e  a n d  m i c r o s t r a i n  o f  b a l l - m i l l e d  t a n t a lu m .  T h e  o r i g i n a l  v a l u e  o f
o
c r y s t a l l i t e  s i z e  w a s  a b o u t  230 A ,  T h e  r a t e  o f  m i c r o s t r a i n  r e l i e f  
i n c r e a s e d  w i t h  t e m p e r a t u r e s  u p  t o  1 0 0 0 °C ,  w h i l e  t h e  c r y s t a l l i t e  s i z e  
s h o w e d  v e r y  l i t t l e  i n c r e a s e  b e l o w  6 0 0 °C ,  t h e  c r y s t a l l i t e  s i z e  b e i n g  
a b o u t  25 0  A ,  B e tw e e n  6 0 0 °C  a n d  8 0 0 °C  th e  c r y s t a l l i t e  s i z e  g r e w  
v e r y  q u i c k l y  t o  t h r e e  t im e s  t h e  o r i g i n a l  v a l u e .
D u r in g  t h e  m e a s u re m e n t  o f  p a r t i c l e  s i z e  a n d  m i c r o s t r a i n ,  a l l  t h e  
X - r a y  d i f f r a c t i o n  p r o f i l e s  w e r e  o b s e r v e d  t o  s h i f t  w i t h  t h e  a n n e a l i n g  
t e m p e r a t u r e s . T h e  s h i f t  r a t e  w a s  fo u n d  t o  b e  c o n s t a n t .  T h e  p e a k  
s h i f t e d  t o w a r d s  t h e  l o i t e r  a n g l e s ,  i n d i c a t i n g  t h a t  th e  " d "  s p a c i n g  w a s  
i n c r e a s i n g .  T h e r e f o r e  th e  u n i t  c e l l  o f  th e  m a t e r i a l  w a s  e x p a n d in g  
w i t h  i n c r e a s e d  a n n e a l i n g  t e m p e r a t u r e s .  T h e  e x p a n s io n  o f  n d "  s p a c i n g  
o f  t h e  (3 2 1 )  p e a k  w a s  m e a s u r e d  a n d  p l o t t e d  a g a i n s t  th e  a n n e a l i n g
temperatures p shown in Fig, 8,4,
8 . 2 , 4  D i s c u s s i o n
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Some w o r k  h a s  b e e n  c a r r i e d  o u t  b y  S c h o e n in g  t o  s t u d y  t h e
a n n e a l i n g  b e h a v i o u r  o f  f i l e d ,  p u r e  t a n t a lu m  u s i n g  X - r a y  d i f f r a c t i o n
a n d  F o u r i e r  p r o f i l e  a n a l y s i s .  T h e  f i l i n g  o f  t h e  t a n t a lu m  w a s
c a r r i e d  o u t  i n  l i q u i d  o x y g e n .  S h i f t  o f  t h e  d i f f r a c t i o n  l i n e s  w a s
o b s e r v e d  a n d  i t  w a s  t h o u g h t  t h a t  t h e  t a n t a lu m  l a t t i c e  w a s  e x p a n d e d
b y  t h e  a b s o r p t i o n  o f  h y d r o g e n  a s  t h e s e  s p e c im e n s  w e r e  h e a t e d  .
(~ 5 0 0 ° C )  i n  an  a tm o s p h e r e  o f  h y d r o g e n  b e f o r e  f i l i n g .  H ie  s h i f t
o b s e r v e d  i n  H ie  p r e s e n t  w o r k ,  t h e r e f o r e ,  c o u l d  b e  d u e  t o  th e
a b s o i p t i o n  o f  som e r e s i d u a l  g a s  i n  H ie  e v a c u a t e d  t u b e s ,  A  s i m i l a r
e x p a n s io n  o f  H ie  l a t t i c e  o f  r e a c t i v e  m a t e r i a l s  s u c h  a s  t i t a n iu m  w a s
18
r e p o r t e d  b y  J e n k in s .  H ie  l a t t i c e  o f  t i t a n iu m  e x p a n d e d  d u e  t o  
a b s o r p t i o n  o f  o x y g e n  a n d  f i n a l l y  fo rm e d  o x i d e s .
I t  may b e  s e e n  H i a t  th e  g r a i n  g r o w t h  o f  p o w d e r e d  t a n t a lu m  w as  
v e r y  s l o w  b e lo w  7 0 0 °C  b u t  i n c r e a s e d  q u i c k l y  a b o v e  7 0 0 °C ,  T h e  
c r y s t a l l i t e  s i z e  w a s  d o u b le  H ie  o r i g i n a l  v a l u e  a t  a b o u t  7 7 0 °C ,  
w h e r e a s  h e a t i n g  G aA s a t  4 0 0 °C  d o u b le d  th e  o r i g i n a l  c r y s t a l l i t e  s i z e  
(2 5 0  X ,  i n  C h a p t e r  2 ) ,  H i i s  m uch h i g h e r  t e m p e r a t u r e  f o r  t a n t a lu m  
m ay b e  d u e  t o  t h e  f a c t  H i a t  t a n t a lu m  i s  a  v e r y  h a r d  m a t e r i a l  w i t h  a  
h i g h  m e l t i n g  p o i n t . (3 0 0 0 ° C )  c o m p a re d  w i t h  G aA s w h ic h  i s  r a t h e r  
b r i t t l e  a n d  w i H i  a  lo w  m e l t i n g  p o i n t  ( 1 2 4 0 ° C ) ,
A  s t u d y  o f  d e fo r m e d  t a n t a lu m  n i t r i d e s  w a s  c a r r i e d  o u t  b y  
19
G i l l i e s .  * T a n t a lu m  n i t r i d e s  w e r e  f o u n d  t o  b e  r e s i s t a n t  t o  
d e f o r m a t io n  b y  b a l l - m i l l i n g ,  a n d  t h e  s t r a i n  w a s  fo u n d  t o  b e  0 .0 0 2 7  
a f t e r  b a l l - m i l l i n g  f o r  4 h o u r s ,  H i i s  v a l u e  w a s  r a t h e r  lo w  c o m p a re d  
t o  th e  v a l u e  o b t a i n e d  f r o m  f i l i n g  i n  t h i s  w o r k  ( 0 . 0 0 3 2 ) ,  a n d  m ay
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i n d i c a t e  t h a t  t a n t a lu m  n i t r i d e  i s  e v e n  h a r d e r  t h a n  b . c . c ,  ta n ta lu m ,,
20
I t  w a s  s u g g e s t e d  b y  ftu n d le  t h a t  t h e  p h a s e  o f  t a n t a lu m  n i t r i d e  w a s  
p r o b a b l y  T a 2N ,
8 . 3  I n v e s t i g a t i o n  o f  g l a s s  s u p p o r t e d  s p u t t e r e d  t a n t a lu m  f i lm s
8 . 3 . 1  I n v e s t i g a t i o n  o f  t a n t a lu m  f i l m s  u s i n g  a  d i f f r a c t o m e t e r
T a n t a lu m  t h i n  f i l m s ,  a b o u t  500 X  t h i c k ,  w e r e  s p u t t e r e d  o n  t o  
g l a s s  i n  a  v acu u m  o f  10 t o r r .  T h e  s t r u c t u r e  o f  t h i s  t a n t a lu m  
f i l m  w a s  s t u d i e d  u s i n g  t h e  X - r a y  d i f f r a c t o m e t e r  a n d  m eth o d s  s i m i l a r  
t o  t h o s e  i n  S e c t i o n  8 . 2 ,  A  p e r s p e x  s p e c im e n  h o l d e r  o f  s i z e  
5 x  5 x  1 mm w a s  m ade s o  t h a t  a  s p e c im e n  o f  4 x  4 x  1 rani c o u ld  b e  
f i x e d  i n  H ie  h o l d e r  w i t h  C a n a d a  b a l s a m .  A  f a s t  s c a n n in g  s p e e d  o f  
2 d e g / m in  w a s  u s e d  i n i t i a l l y  f o r  a  q u i c k  s u r v e y  o f  t h e  s u r f a c e  
com p ou n d . T h e  r e s u l t s  s h o w e d  t h a t  H ie  r e  w e r e  o n ly  tw o  d i s t i n c t  
p e a k s  o f  b . c , c .  t a n t a lu m  (1 1 0  a n d  2 2 0 ) a n d  o n e  s m a l l  p e a k  o f  3 - T a  
( 2 0 0 ) ,  F i n a l l y ,  a  s p e e d  o f  § d e g / m in  w a s  u s e d  t o  s t u d y  t h e  
d i f f r a c t i o n  p r o f i l e s  o f  H ie  b . c . c ,  t a n t a lu m ,
15
. T h e  K a i  a n d  K a 2 p e a k s  w e r e  s e p a r a t e d  u s i n g  R a c h in g e r ’ s  m e th o d .
T h e  b r e a d t h s  o f  t h e s e  p e a k s  w e r e  t h e n  e s t i m a t e d .  T h e  i n s t r u m e n t a l  
e r r o r  h e r e  w a s  n e g l e c t e d  b e c a u s e  n o  w e l l - a n n e a l e d  g l a s s - s u p p o r t e d  
s p e c im e n  w a s  a v a i l a b l e .  H ie  ( 3 S * ) 2 w a s  p l o t t e d  a g a i n s t  ( d * ) 2 i n  
F i g .  8 , 5 .  T h e  c r y s t a l l i t e  s i z e  a n d  H ie  m i c r o s t r a i n  i n  t h e  <11 0>  
d i r e c t i o n s  w e r e  o b t a i n e d  f r o m  t h e  i n t e r c e p t  a n d  t h e  s l o p e  o f  H ie  
l i n e  o n  t h e  g r a p h  r e s p e c t i v e l y ,
8 . 3 . 2  R e s u l t s  a n d  d i s c u s s i o n
T h e  r e s u l t s  o f  H ie  c r y s t a l l i t e  s i z e  a n d  m ic r o s  t r a i n  i n v e s t i g a t i o n  
a r e  sh o w n  i n  F i g ,  8 , 5 .  T h e  c r y s t a l l i t e  s i z e  i n  th e  < 1 1 0 >  d i r e c t i o n s
g l a s s  s u p p o r t e d  t a n t a l u m  f i l m  
u s i n g  { n o }  p l a n e  /
w a s  e s t i m a t e d  t o  b e  400 X  a n d  th e  m i c r o s t r a i n  w a s  1 ,0 2  x  1 0 3 » T h e  
v a l u e s  o b t a i n e d  h e r e  w e r e  c o m p a r a b le  t o  t h a t  o f  f i l e d  p o w d e r e d  T a  
i n  S e c t i o n  8 , 2 .  T h e  c r y s t a l l i t e  s i z e  w a s  a l s o  i n  g o o d  a g r e e m e n t  
w i t h  t h e  t h i c k n e s s  o f  t h e - f i l m  (5 0 0  X ,  m e a s u r e d  b y  t a l y s t e p ) .
H o w e v e r ,  t h e  f i l m  w a s  t o o  t h i n  f o r  i n v e s t i g a t i o n  b y  X - r a y  
d i f f r a c t o m e t r y .  D ue  t o  t h e  e x c e s s  p e n e t r a t i o n  o f  X - r a y s ,  t h e  
m a t e r i a l  u n d e r n e a t h  t h e  f i l m  ( i . e ,  g l a s s ,  g l u e )  may c o n t r i b u t e  t o  
t h e  b a c k g r o u n d  w h ic h  w o u ld  m ake i t  d i f f i c u l t ,  t o  m e a s u re  t h e  t a n t a lu m  
p e a k s ,
T h e  s p u t t e r e d  f i l m  o f  t a n t a lu m  s h o w e d  t h e  b . c . c ,  t a n t a lu m  p a t t e r n  
w i t h  v e r y  s t r o n g  p r e f e r r e d  o r i e n t a t i o n .  T h e  o b s e r v a t i o n  o f  £ - T a  a n d  
b . c . c ,  T a  w a s  i n  g o o d  a g r e e m e n t  w i t h  R e a d  a n d  A lt m a n 4 w h o  fo u n d  $ -T a  
a n d  b . c . c ,  T a  i n  th e  s p u t t e r e d  f i l m s .
H o w e v e r , n o  m e a s u re m e n t  w a s  m ade o f  th e  (3 -T a  p e a k  a n d  n o  o x i d e s  
o r  o t h e r  com pounds w e r e  fo u n d  o n  t h i s  f i l m .
8 , 3 , 3  I n v e s t i g a t i o n  u s i n g  RHEED
A n  a t t e m p t  w a s  m ade t o  s t u d y  t h e  s u r f a c e  s t r u c t u r e  o f  t h i n
t a n t a lu m  f i l m s  b y  t h e  RHEED m e th o d ,  a s  t h i s  m e th o d  w a s  u s e d
s u c c e s s f u l l y  t o  i n v e s t i g a t e  t h e  d am aged  G aA s . F i r s t l y ,  a  t h i n  f i l m
s p e c im e n  o f  500  X  o n  g l a s s  w a s  t r i e d  b u t  i t  w a s  f o u n d  t h a t  b e c a u s e
t h e  g l a s s  s u b s t r a t e  w a s  an  i n s u l a t o r ,  t h e  e l e c t r o n s  a c c u m u la t e d  o n
t h e  s p e c im e n  s u r f a c e  a n d  r e p e l l e d  s u b s e q u e n t  e l e c t r o n s  f r o m  .H ie  b e a m ,
t h u s  t h e  p a t t e r n  c o u l d  n o t  b e  o b t a i n e d .  T h i s  e f f e c t  w a s  a l s o
21
i n d i c a t e d  b y  R y m sr.
A  c o n t a c t  w a s  t h e n  m ade b y  p a i n t i n g  s i l v e r  DAG a r o u n d  t h e  e d g e  
a n d  t h e  b a c k  o f  t h e  s p e c im e n  b e f o r e  m o u n t in g  i n  t h e  RHEED s p e c im e n  
h o l d e r .  The p a t t e r n  o b t a i n e d  t h i s  t im e  sh o w e d  v e r y  f a i n t  r i n g s ,  t h e
" d "  s p a c in g s  o f  w h ic h  w e r e  c a l c u l a t e d .  T h e y  w e r e  c l o s e  t o  t h o s e  o f  
T a 0 2 „
I n  o r d e r  t o  s tu d }/  t h e  s u b - s u r f a c e  l a y e r ,  e t c h i n g  t e c h n i q u e s  w e r e  
t r i e d ,  i o n  e t c h i n g  b e i n g  t r i e d  f i r s t .  A n  a r g o n  i o n  gu n  A G l . w i t b  
c o n t r o l  u n i t  AG S1 f r o m  V acu u m  G e n e r a t o r s  L t d ,  w a s  e m p lo y e d .  H o w e v e r ,  
t h i s  w a s  n o t  s u c c e s s f u l  a s  i t  w a s  fo u n d  t h a t  a f t e r  b o m b a r d in g  b y  
a r g o n  io n s  th e  s p e c im e n  s u r f a c e  w a s  c o a t e d  w i t h  som e im know n  
c o n t a m in a t io n  w h ic h  c o n fu s e d  t h e  d i f f r a c t i o n  p a t t e r n ,
C h e m ic a l  m e th o d s  w e r e  t h e n  a t t e m p t e d  t o  e t c h  th e  t a n t a lu m  f i l m .  
F i r s t l y ,  HF 50% w a s  t r i e d ,  b u t  t h e  RHEED p a t t e r n  w a s  i n d e t e r m i n a t e .
I t  w a s  t h o u g h t  t h a t  HF m ay le a v e ,  som e l a y e r s  o f  c o n t a m in a t io n  o n  t h e  
s p e c im e n  s u r f a c e .  F i n a l l y ,  a n  e t c h  c o n s i s t i n g  o f  5 : 2 : 2  o f  H 2S 0 lf : 
H N 0 3 :H F  (50% ) o f  B o g g io  a n d  F a r n s w o r t h  w as  t r i e d .
A f t e r  e t c h in g ,  f o r  1 m in u te  t h e  RHEED p a t t e r n  s h o w e d  r i n g s  w h ic h  
may h a v e  c o r r e s p o n d e d  t o  a  m ix t u r e  o f  T a 0 2 a n d  T a ,  A f t e r  f u r t h e r  
e t c h i n g  th e  r i n g  p a t t e r n  o f  t a n t a lu m  d i s a p p e a r e d  l e a v i n g  o n ly  r i n g s  
d u e  t o  T a 0 2 , I t  w a s  t h o u g h t  t h a t  t h e  o x i d e s  may h a v e  fo rm e d  d u r i n g  
e t c h i n g  a n d  g ro w n  w i t h  i n c r e a s e d  e t c h i n g  t im e .  T a 0 2 w a s  n o t  re m o v e d  
b y  t h i s  e t c h .
T h e  r e s u l t s  o b t a i n e d  b y  t h e  RHEED t e c h n iq u e s  p r o v e d  t h a t  t ire  
s u r f a c e  o f  t h e  t a n t a lu m  f i l m  w a s  v e r y  r e a c t i v e .  T a n t a lu m  o x id e  m ay  
fo r m  e a s i l y  a n d  t h i s  g i v e s  h i g h  r e s i s t i v i t y .  T h e  r e s u l t s  h e r e  w e r e  
i n  g o o d  a g re e m e n t  w i t h  W i l s o n  e t  a l 1"4 w ho  a l s o  d e t e c t e d  T a 0 2 u s i n g  
TEM,
8 . 3 . 4  I n v e s t i g a t i o n  o f  t a n t a lu m  f i l m s  u s i n g  t h e  X - r a y  
■gla n c in g  a n g l e  m e th o d
The study of tantalum films using the RHEED method, was
6 8 -
m s  u c c e s s f u l  o w in g  t o  t h e  r e a c t i v e  s u r f a c e  o f  t a n t a lu m *  X - r a y  
d i f f r a c t i o n  m eth o d s  w e r e  t h e n  c o n s i d e r e d *  T h e  t r a n s m i s s i o n  p i n  h o l e  
X - r a y  g l a n c i n g  a n g le  t e c h n i q u e  w a s  t r i e d  f i r s t  a s  t h e  t a n t a lu m  f i l m  
t h i c k n e s s  (5 0 0  X) w a s  t o o  t h i n  f o r  t h e  X - r a y  b a c k  r e f l e c t i o n  t e c h n iq u e  
a n d  t o o  t h i c k  f o r  th e  t r a n s m i s s i o n  m eth o d * A  s p e c im e n  w a s  m o u n ted  
w it h ,  a  g l a n c i n g  a n g le  o f  2 °  t o  t h e  X - r a y  b e a m , a n d  C u  K a  r a d i a t i o n  
w i t h  N i  f i l t e r  w a s  e m p lo y e d *  A  p h o t o g r a p h i c  f i l m  w a s  p l a c e d  3 cm 
b e h i n d  t h e  s p e c im e n *  A  d ia g r a m  o f  t h e  g l a n c i n g  a n g le  m e th o d  i s  
sh o w n  i n  F i g *  8 *6 *
T h e  X - r a y  d i f f r a c t i o n  p a t t e r n  o f  g l a s s - s u p p o r t e d  t a n t a lu m  f i l m  
s h o w e d  o n e  v e r y  b r o a d  r i n g *  T h i s  c o u ld  b e  d u e  t o  tw o  r e a s o n s ,  o n e  
b e i n g  p o s s i b l e  dam age o f  t h e  s u r f a c e  o f  t a n t a lu m ,  t h e  o t h e r  b e i n g  
i n s t r u m e n t a l  e r r o r  due  t o  t h e  w i d t h  o f  t h e  s p e c im e n  (4  x  4 nan s q u a r e )  . 
T h e  s p e c im e n  w a s  c u t  i n t o  a  1 mm s t r i p  u s i n g  a  d ia m o n d  w i r e  a n d  a n  
X - r a y  g l a n c i n g  p a t t e r n  w a s  t a k e n .  H ie  p a t t e r n  s h o w e d  tw o  a r c s  
( F i g ,  8 . 7 ) ,  th e  n d "  s p a c in g s  o f  w h ic h  w e r e  c a l c u l a t e d  t o  b e  2 .3 3  X  
an d  2 .6 6  X ,  u s i n g  B r a g g 's  e q u a t i o n *  H ie  " d "  s p a c i n g  v a l u e s  
c o r r e s p o n d e d  q u i t e  w e l l  w i t h  t h e  s t r o n g e s t  l i n e s  o f  b . c . c .  t a n t a lu m  
a n d  3 - t a n t a lu m  r e s p e c t i v e l y .  V e r y  f a i n t  a r c s  a l s o  a p p e a r e d  o n  t h i s  
p a t t e r n ,  t h e  Mdu s p a c in g s  o f  w h i c h  w e r e  q u i t e  c l o s e  t o  t h o s e  o f  
3- t a n t a lu m .
T h e  r e s u l t  o b t a i n e d  f r o m  t h e  X - r a y  . g l a n c in g  a n g l e  m e th o d  s h o w e d  
t h a t  p r e f e r r e d  o r i e n t a t i o n  o c c u r r e d  i n  H ie  g l a s s  s u p p o r t e d  s p u t t e r e d  
t a n t a lu m  f i l m ,  T h i s  r e s u l t  i s  i n  a g r e e m e n t  w i t h  t h a t  o b t a i n e d  b y  
d i f f r a c t o m e t i y  ( S e c t i o n  8 * 3 . 1 ) .  Few  r i n g s  w e r e  r e c o r d e d  o n  th e  X - r a y  
f i l m ,  a n d  t h e  h i g h e r  a n g l e s  c o u ld  n o t  b e  r e c o r d e d  b e c a u s e  t h e  s i z e  
o f  t h e  f i l m  w a s  l i m i t e d ,  .
Specimen
>o
Film
H g ,  8 .6  T r a n s m is s i o n  p i n  h o l e  X - r a y  g l a n c i n g  m e th o d
-170-
F i g .  8 .7  X - r a y  d i f f r a c t i o n  p a t t e r n  fr o m  
t a n t a lu m  t h i n  f i l m
1 =  3 -T a
2 =  b . c . c ,  T a
T h e  X - r a y  g l a n c i n g  a n g l e  r e s u l t s  p r o v e d  t h a t  X - r a y  d i f f r a c t i o n  
m eth o d s  may b e  u s e d  t o  s t u d y  s u r f a c e  com pounds o n  t a n t a lu m .  I n  o r d e r  
t o  d e t e c t  th e  h i g h e r  a n g l e  d i f f r a c t i o n  l i n e s  t h e  X - r a y  p o w d e r  m e th o d  
w as  a d a p t e d .
F i r s t l y ,  t h e  s p e c im e n  w h ic h  w a s  a  1 mm s t r i p  o f  g l a s s - s u p p o r t e d  
t a n t a lu m  f i l m  w a s  m o u n ted  i n  a  P h i l i p s  p o w d e r  c a m e ra  o f  1 1 . 46 a n  
d ia m e t e r ,  u s i n g  C u  K a r a d i a t i o n  w i t h  a  n i c k e l  f i l t e r .  A n  X - r a y  p o w d e r  
p h o t o g r a p h  w a s  t a k e n .  T h e r e  w a s  a  v e r y  h i g h  b a c k g r o u n d  l e v e l  o n  t h e  . 
f i l m  a n d  H ie  r e f l e c t i o n  l i n e s  w e r e  n o t  v i s i b l e .  T h e  h i g h  b a c k g r o u n d  
may h a v e  b e e n  d u e  t o  t h e  g l a s s .  T h e  s p e c im e n  w as  th e n  s e t  s o  H i a t  
•Hie X - r a y  b eam  m a in ly  s t r u c k  t h e  t a n t a lu m  a r e a ,  t h e  s p e c im e n .w a s  n o t  
r o t a t e d ,  a n d  a n  X - r a y  p o w d e r  p h o t o g r a p h  w as  th e n  t a k e n .  W i t h  a  
s u i t a b l e  e x p o s u r e  t im e  ( 2 - 3  h o u r s )  t h e  r e f l e c t i o n  l i n e s  w e r e  r e c o r d e d  
q u i t e  d i s t i n c t l y  o n  t h e  f i l m  ( F i g ,  8 . 8 ) ,  T h e  " d M s p a c in g s  o f  t h e  
r e f l e c t i o n  l i n e s  c o r r e s p o n d e d  t o  t h o s e  o f  b . c . c .  t a n t a lu m  a n d  
3- t a n t a lu m ,  T h e  p r e f e r r e d  o r i e n t a t i o n  o f  b o t h  p h a s e s  a l s o  s h o w e d  
i n  t h e  f i l m ,  h o w e v e r  r e f l e c t i o n s  a t  h i g h  a n g l e s  w e r e  n o t  s e e n  o w in g  
t o  t h e  h i g h  b a c k g r o u n d  l e v e l .
T h i s  t e c h n iq u e  p r o v e d  t o  b e  b e t t e r  t h a n  H ie  X - r a y  g l a n c i n g  a n g le  
t e c h n iq u e  a s  m ore  r e f l e c t i o n  l i n e s  w e r e  v i s i b l e  a n d  t h e  " d "  s p a c i n g  
r e s u l t s  w e r e  m o re  a c c u r a t e .
8 ,4  C h a n g e s  d u e  t o  h e a t  t r e a t m e n t  o f  n i t r o g e n  im p la n t e d  
a n d  u iT im p la n te d  t a n t a lu m  f i l m s
8 , 4 . 1  E x p e r im e n t a l  d e t a i l s
I t  w a s  c o n s i d e r e d  w o r t h w h i l e  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  h e a t  
t r e a t m e n t  o n  t h e  g l a s s  s u p p o r t e d  t a n t a lu m  f i lm s  a s  t h e s e  f i l m s  a r e
8,3.5 Investigation using X-ray powder photographs
C h a n g e s  d u e  t o  h e a t  t r e a t m e n t  o f  t h e  g l a s s  s u p p o r t e d  t a n t a lu m  f i l m  
w e r e  s t u d i e d  u s i n g  th e  X - r a y  p o w d e r  m e th o d  m e n t io n e d  i n  S e c t i o n  8 , 3 . 5 ,  
T h e  s t r i p  o f  t a n t a lu m  f i l m  w a s  a n n e a l e d  i n  e v a c u a t e d  p y r e x  t u b e s -  f o r  
o n e  h o u r  a t  t e m p e r a t u r e s  o f  4 0 0 °C ,  5 0 0 °C  a n d  6 0 0 ° C ,  A n  X - r a y  p o w d e r  
p h o t o g r a p h  w a s  t a k e n  a f t e r  e a c h  a n n e a l .  T h e  p a t t e r n s  a r e  sh o w n  i n  
F i g ,  8 , 8 ,  T o  o b t a in ,  im p la n t e d  m a t e r i a l ,  a  t a n t a lu m  f i l m  o f  500 X  
t h i c k n e s s  w a s  im p la n t e d  w i t h  n i t r o g e n  io n s ,  o f  e n e r g y  40  k e V  a n d  a  
d o s e  o f  1 ,6  x  1 0 4 io n s / c m 2 . A  1 mm s t r i p  w a s  c u t  f r o m  t h e  s p e c im e n  
a n d  a n  X - r a y  p o w d e r  p h o t o g r a p h  w a s  t a k e n .  T h e  c h a n g e s  a f t e r  a n n e a l i n g  
a t  4 0 0 °C ,  5 0 0 °C  a n d  6 0 0 °C  w e r e  s t u d i e d  u s i n g  m e th o d s  s i m i l a r  t o  t h o s e  
m e n t io n e d  e a r l i e r .  T h e  X - r a y  d i f f r a c t i o n  p a t t e r n s  o f  t h i s  s p e c im e n  
a r e  s h o r n  i n  F i g ,  8 .9 ,
8 . 4 , 2  R e s u l t s  an d  d i  s  c u s s  i o n
F i g .  8 .8  sh o w s  t h e  c h a n g e s ,  d u e  t o  t h e  h e a t  t r e a t m e n t  o f  s p u t t e r e d  
t a n t a lu m .  A t  t e m p e r a t u r e s  o f  4 0 0 °C  a n d  500° C , t h e  X - r a y  d i f f r a c t i o n  
p a t t e r n s  s h o w e d  no  c h a n g e , f r o m  t h o s e  o f  th e  a s - s p u t t e r e d  t a n t a lu m .  
P r e f e r r e d  o r i e n t a t i o n  w a s  d e t e c t e d  f o r  b o t h  t a n t a lu m  p h a s e s  a n d  
s h a v e d  p a r t i c u l a r l y  s t r o n g l y  f o r  b . c . c .  t a n t a lu m ,  A f t e r  a n n e a l i n g  a t  
6 0 0 °C ,  t h e  r i n g s  d u e  t o  b . c . c .  t a n t a lu m  an d  3 - t a n t a lu m  d i s a p p e a r e d ,  
a n d  a  n ew  s e t  o f  r i n g s  t h e n  a p p e a r e d ,  th e  Md "  s p a c in g s  o f  w h ic h  w e r e  
v e r y  d i f f i c u l t  t o  i d e n t i f y .  T h e y  m ay b e  due  t o  a  m ix t u r e  o f  o x i d e s  
o f  t a n t a lu m .  '
F i g ,  8 ,9  sh o w s  t h e  c h a n g e s  d u e  t o  h e a t  t r e a t m e n t  o f  t h e  im p la n t e d  
t a n t a lu m  f i l m .  H ie  d i f f r a c t i o n  p a t t e r n  o f  t h e  u n a n n e a le d  s p e c im e n  
s h o w e d  som e r i n g s  b u t  t h e  b a c k g r o u n d  w a s  q u i t e  h i g h ,  T h e  Md "  s p a c in g s  
o f  t h e  r i n g s  w e r e  m e a s u r e d .  T h e y  w e r e  c l o s e  t o  som e o f  t h e  s t r o n g  
l i n e s  o f  T a N . B . c . c ,  t a n t a lu m  an d  3 “ t a n t a lu m  may s t i l l  b e  p r e s e n t  
a s  th e  " d "  s p a c in g s  o f  t h e s e  m a t e r i a l s  a r e  c l o s e  t o  t h o s e  o f  T a N ,
often considerably overheated during their preparation and use.
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" d "  ( h U )
T aN  
3 -T a  
b . c . c *  T a
2 *3 4  (1 0 1 )  
2 *3 4  (1 1 0 )
2 *4 7  (0 0 2 ).  
2 .4 8  (0 0 4 ) 2 *5 0  (2 0 1 )
2.66  (1 0 0 )  
2 *6 7  (2 0 0 )
P r e f e r r e d  o r i e n t a t i o n  o f  t h e  3 " t a n t a lu m  w a s  d e t e c t e d  b u t  n o t  o f  th e  
b . c . c *  t a n t a lu m ,  h o w e v e r ,  a n  e x t r a  r i n g  a l s o  s h o w e d  w h ic h  w a s  n o t  
i d e n t i f i a b l e *  A f t e r  a n n e a l i n g  a t  4 0 0 °C  a n d  5 0 0 °C  t h e  d i f f r a c t i o n  
p a t t e r n  s h a v e d  l i t t l e  c h a n g e  f r o m  t h a t  o f  u n a n n e a le d  m a t e r i a l , ,  b u t  
th e  r i n g s  w e r e  s h a r p e r .  A f t e r  a n n e a l i n g  a t  6 0 0 °C  t h e  r i n g s  o f  T aN  
w e r e  m uch s h a r p e r ,  som e lo w  i n t e n s i t y  r i n g s  o f  T aN  a l s o  s h o w e d  w h ic h  
i n d i c a t e d  t h a t  t h e  T aN  h a d  r e  c r y s t a l l i s e d .  T h e  p a t t e r n  sh o w e d  n o  
p r e f e r r e d  o r i e n t a t i o n *  Some e x t r a  l i n e s  a l s o  a p p e a r e d  b u t  t h e s e  m ay  
h a v e  b e e n  d u e  t o  o x i d e s .  N e i t h e r  s p e c im e n  w a s  a n n e a l e d  a t  h i g h e r  
t e m p e r a t u r e s  a s  th e  g l a s s  s o f t e n e d  an d  c o u ld  r e a c t  w i t h  th e  f i l m s ,
T a 0 2 w a s  f o u n d  p r e v i o u s l y  o n  t h e  s u r f a c e  o f  t a n t a lu m  f i l m  
e x a m in e d  a t  room  t e n p e r a t u r e  u s i n g  t h e  RHEED t e c h n i q u e ,  t h u s ,  a f t e r  
h e a t  t r e a t m e n t  t h e  p o s s i b i l i t y  o f  o x i d a t i o n  o n  t a n t a lu m  s u r f a c e  w a s  
v e r y . h i g h .  O x id e s  o f  t a n t a lu m  h a v e  b e e n  r e p o r t e d  t o  h a v e  h i g h  
r e s i s t i v i t y . 1 T h e s e  c a n  b e  u s e d  a s  d i e l e c t r i c  l a y e r s  f o r  th e  
p r o d u c t i o n  o f  c a p a c i t o r s  o n  t a n t a lu m  f i l m .
N o . p r e f e r r e d  o r i e n t a t i o n  o f  b . c . c ,  t a n t a lu m  w a s  d e t e c t e d  a f t e r  
i n p l a n t a t i o n ;  t h i s  may i n d i c a t e  t h a t  t h e  im p l a n t a t i o n  o f  n i t r o g e n  
c a u s e s  a  c h a n g e  o f  t h e  s u r f a c e  s t r u c t u r e  a n d  som e o f  t h e  b . c . c .  
t a n t a lu m  fo rm e d  T aN * T h e  r e s u l t s  o b t a i n e d  f r o m  t h i s  w o r k  a r e  i n  g o o d  
a g r e e m e n t  w i t h  N a k a m u ra 118 a n d  D e e r y  e t  a l , 11 D e e r y  i n v e s t i g a t e d  t h e  
n i t r o g e n  i n p l a n t e d  t a n t a lu m  b u t  N a k a m u ra  e x a m in e d  s p u t t e r e d  t a n t a lu m  
f i l m  i n  an  a t m o s p h e r e  o f  n i t r o g e n .
Fi
g.
 
8.8
 
E
ffe
ct
 
du
e 
to 
he
at
 
tr
ea
tm
en
t 
of 
ta
nt
al
um
 
fil
m
.
an
ne
al
ed
 
60
0
Fi
g.
 8
-9
 
E
ffe
ct
 
du
e 
to 
he
at
 
tr
ea
tm
en
t 
ot 
ni
tr
og
en
 
im
pl
an
te
d 
ta
nt
al
um
,
an
ne
al
ed
 
60
0
T h e  r e s i s t i v i t y  a n d  t h e r m a l  c o e f f i c i e n t  o f  r e s i s t i v i t y  (T C R )
1 1
o f  im p la n t e d  t a n t a lu m  f i lm s  w e r e  f o u n d  t o  b e  d o s e  d e p e n d e n t ,  A  
h i g h e r  d o s e  may h a v e  m ore  p r o b a b i l i t y  o f  f o r m in g  t a n t a lu m  n i t r i d e  
(T a N ) t h a n  a  l o w e r  d o s e .  T h e r e f o r e  t h e  r e s i s t i v i t y  a n d  TCR may 
c o r r e s p o n d  t o  t h e  am oun t o f  t a n t a lu m  n i t r i d e  fo rm ed .. T h e  r e s i s t a n c e  
o f  t h e  t a n t a lu m  f i lm s  may t h e n  b e  c o n t r o l l e d  b y  i m p l a n t i n g  th e  
r e q u i r e d  d o s e s  o f  n i t r o g e n  i o n s ,
8 , 5  C o n c lu s i o n s
H ie  p r o c e s s  o f  i o n  i m p l a n t a t i o n  o f  t a n t a lu m  f i l m s  i n i t i a l l y  
i n v o l v e s  th e  s p u t t e r i n g  o f  t a n t a lu m  on  t o  g l a s s .  B e t a  t a n t a lu m  a n d  
b . c . c ,  t a n t a lu m  w e r e  b o t h  f o u n d  i n  t a n t a lu m  f i lm s  fo rm e d  i n  t h i s  
w o r k .  T h e  n e x t  s t e p  w a s  th e  i m p l a n t a t i o n  o f  s e l e c t e d  i o n s  i n t o  t h e  
s p u t t e r e d  f i l m .  N i t r o g e n  io n s  w e r e  e m p lo y e d  i n  o r d e r  t o  p r o d u c e  
t a n t a lu m  n i t r i d e , a n d  o x y g e n  i o n s  w e r e  u s e d  t o  fo r m  t a n t a lu m  o x i d e s .
H ie  r e s i s t i v i t y  a n d  TCR w e r e  d e p e n d e n t  o n  th e  d o s e s  o f  t h e s e  im p la n t e d  
i o n s .  H ie  c h a n g e s  i n  r e s i s t i v i t y  a n d  TCR w e r e  f o u n d  t o  b e  a s s o c i a t e d  
w i t h  t h e  f o r m a t i o n  o f  t h e s e  c o m p o u n d s . H ie  d i f f r a c t i o n  r e s u l t s  o b t a i n e d  
i n  t h i s  w o r k  s h o w e d  t h a t  t h e  TaN  i s  v e r y  d i s o r d e r e d  a s  o n ly  a  fe w  r i n g s  
w e r e  d e t e c t e d ,  ' H ie  T aN  r e c r y s t a l l i s e d  a f t e r  a n n e a l i n g  a t  a  
t e m p e r a t u r e  o f  6 0 0 °C ,  H iu s  ? t h e  a n n e a l i n g  o f  t h e  n i t r o g e n  im p la n t e d  
f i l m  a t .  6 0 0 °C  c o u ld  im p ro v e  c o n t r o l  w h e n  p r o d u c in g  r e s i s t o r s  f r o m  
t a n t a lu m  f i l m .
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GENERAL CONCLUSIONS
I o n  im p l a n t a t i o n  i s  c u r r e n t l y  u s e d  a s  a  m e th o d  o f  d o p in g  s e m i ­
c o n d u c t o r s ,  a n d  o t h e r  m a t e r i a l s . .  T h e  m a t e r i a l s  im p la n t e d  a r e  m a i n ly  
I I I  -  V  c o m p o u n d s , p a r t i c u l a r l y  g a l l i u m  a r s e n i d e ,  b u t  t a n t a lu m  i s  
a l s o  u s e d .  T h e  d i s t r i b u t i o n  o f  i o n s  d u r i n g  im p l a n t a t i o n  c a n  b e  
c o n t r o l l e d  s u c c e s s f u l l y .  P o s t -b o m b a rd m e n t  a n n e a l i n g  o f  b o t h  g a l l i u m  
a r s e n i d e  a n d  t a n t a lu m  p r o v e d  t o  b e  v e r y  d i f f i c u l t ,  a s  t h e y  o x i d i s e  a t  
h i g h  a n n e a l i n g  t e m p e r a t u r e s .  T h e  s t u d y  o f  h e a t  t r e a t e d  g a l l i u m  
a r s e n i d e  w i t h  c o a t i n g s  o f  a lu m in iu m , g a l l i u m  o x i d e s  a n d  . s i l i c o n  
n i t r i d e  sh o w e d  H i a t  o x i d a t i o n  a n d  d e c o m p o s i t io n  o f ,  g a l l i u m  a r s e n i d e  
c a n  b e  p r e v e n t e d .  I t  w a s  v e r y  d i f f i c u l t ,  h o w e v e r ,  t o  re m o v e  H ie s e  
e n c a p s u l a n t s . Som e w o r k  h a s  b e e n  r e c e n t l y  c a r r i e d  p u t  t o  s t u d y  t h e  
u s e  o f  a  r a n g e  o f  m a t e r i a l s  a s  e n c a p s u l a n t s ,  s u c h  a s  a lu m in a ,  
a lu m in iu m  n i t r i d e  a n d  p o l y s i l i c o n .  H o w e v e r ,  H i i s  w o r k  i s  s t i l l  a t  
a n  e a r l y  s t a g e .  I t  w o u ld  a l s o  b e  i n t e r e s t i n g  t o  s e e  i f  e n c a p s u l a t i o n  
w o u ld  b e  u s e f u l  i n  H ie  a n n e a l i n g  o f  im p la n t e d  t a n t a lu m .
Som e s t u d i e s  h a v e  b e e n  m ade o f  H ie  u s e  o f  d u a l  im p la n t s  i n  
g a l l i u m  a r s e n i d e ,  f o r  e x a m p le ,  a  g a l l i u m  im p la n t  f o l l o w e d  b y  a  
s e le n iu m  im p la n t .  I t  h a s  b e e n  f o u n d  t h a t  a f t e r  a n n e a l i n g  a  d u a l  
im p la n t  a t  7 0 0 °C  w i t h  a  c o a t i n g ,  d o n o r  a c t i v i t i e s  d u e  t o  s e l e n iu m  
i o n s  w e r e  h i g h e r  H ia n  H io s e  o b t a i n e d  f r o m  t h e  s i n g l e  im p la n t ,  i . e .  
s e l e n iu m  o n l y  im p la n t .  T h i s  c a n  b e  e x p l a i n e d  a s  f o l l o w s .  A c c o r d in g  
t o  A ir ib r id g e  e t  a ! , *  a n  i n c r e a s e d  p e r c e n t a g e  a c t i v i t y  s h o u ld  b e  
o b t a i n e d  i f  s t o i c h i o m e t r y  i s  m a in t a in e d  d u r i n g  im p l a n t a t i o n .  F o r  
G aAs u n d e r  th e rm o d y n a m ic  e q u i l i b r i u m ,  t h e  p r o d u c t  o f  t h e  a r s e n i c  an d  
g a l l i u m  v a c a n c y  c o n c e n t r a t i o n s  i s  a  c o n s t a n t  'w h ic h  v a r i e s  
e x p o n e n t i a l l y  w i t h  t e m p e r a t u r e .  T h u s ,  i f  w e  a d d  s e l e n iu m ,  w h ic h
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o c c u p i e s  a r s e n i c  s i t e s  ( v a c a n c i e s ) , t h e  g a l l i u m  v a c a n c y  c o n c e n t r a t i o n  
i n c r e a s e s .  T h e  a d d i t i o n  o f  a n  e q u a l  n u m b e r o f  g a l l i u m  i o n s  l o w e r s  
t h e  g a l l i u m  v a c a n c y  c o n c e n t r a t i o n ,  a n d  a t  t h e  sam e t im e  s t o i c h i o m e t r y  
i s  p r e s e r v e d ,  b e c a u s e  b o t h  s u b l a t t i c e s  a r e  b u i l t  u p  a t  t h e  sam e  r a t e .  
H e n c e  i n c r e a s e d  a c t i v i t y  s h o u ld  r e s u l t .  S i n c e  i t  i s  kn ow n  t h a t  
c o m p e n s a t in g  c o m p le x e s  o f  s e l e n iu m  i o n s  w i t h  g a l l i u m  v a c a n c i e s  c a n  
fo rm  i n  G a A s ,  im p la n t i n g  g a l l i u m  w i l l  a l s o  h e l p  t o  l o w e r  t h e  r a t e  o f  
c o m p le x  f o r m a t i o n ,  a n d  i n  t h i s  w a y  a s s i s t  i n  t h e  a t t a i n m e n t  o f  
e l e c t r i c a l  a c t i v i t y  f r o m  t h e  im p la n t e d ,  s e l e n iu m .  H o w e v e r ,  d u a l  
im p la n t s  a r e  a l s o  s t i l l  a t  a n  e a r l y  s t a g e  o f  d e v e lo p m e n t .
A t  p r e s e n t ,  t h e  i m p l a n t a t i o n  o f  o t h e r  I I I  -  V  com p ou n d s  s u c h  a s  
g a l l i u m  p h o s p h id e  an d  a l l o y s  o f  g a l l i u m  a r s e n i d e  i n c l u d i n g  g a l l i u m  
a r s e n i d e  p h o s p h id e  i s  s t i l l  u n d e r  i n v e s t i g a t i o n .  I t  i s  h o p e d  t h a t  
t h e  r e s u l t s  o b t a i n e d  f r o m  t h e  i m p l a n t a t i o n  o f  g a l l i u m  a r s e n i d e ,  
i n c l u d i n g  t h o s e  d e s c r i b e d  i n  t h i s  w o r k ,  w i l l  b e  u s e f u l  f o r  s t u d y in g  
t h e s e  m a t e r i a l s .
T h e  dam age  p r o d u c e d  b y  im p l a n t a t i o n  i s  c o n f i n e d  t o  t h e  s u r f a c e .  
T h u s  t h e  t e c h n iq u e s  u s e d  f o r  i n v e s t i g a t i n g  t h e  dam age  m u s t  b e  m a i n ly  
s e n s i t i v e  t o  t h e  s u r f a c e  c o n d i t i o n  o f  t h e  c r y s t a l s .  T h e s e  t e c h n i q u e s  
i n c l u d e  R u t h e r f o r d  B a c k  S c a t t e r i n g  (R B S ) ,  R e f l e c t i o n  H ig h  E n e r g y  
E l e c t r o n  D i f f r a c t i o n  (RH EED ) . T r a n s m is s i o n  e l e c t r o n  m ic r o s c o p y  (TEM ) 
a n d  X - r a y  d i f f r a c t i o n  m e th o d s  c a n  a l s o  b e  u s e d  w i t h  s u i t a b l e  
p r e p a r a t i o n .  O t h e r  m e th o d s  s u c h  a s  X - r a y  t o p o g r a p h y ,  r e f l e c t i o n  
(B e r g  B a r r e t t )  a n d  t r a n s m i s s i o n  (L a n g )  t e c h n iq u e s  m ay b e  u s e f u l  t o  
s t u d y  t h e  d am age  p r o d u c e d  b y  i m p l a n t a t i o n .  O w in g  t o  t h e  l i m i t a t i o n  
o f  t im e ,  t h i s  p r o j e c t  e m p lo y e d  o n l y  X - r a y  d i f f r a c t i o n  m e t h o d s ,  RHEED 
a n d  TEM t e c h n i q u e s  t o  i n v e s t i g a t e  i m p l a n t a t i o n  d a m a g e . N e u t r o n  
d i f f r a c t i o n  t o p o g r a p h y  w a s  r e c e n t l y  f o u n d  u s e f u l  i n  i n v e s t i g a t i n g  
c r y s t a l  d e f e c t s . T h i s  m e th o d  m ay b e  u s e f u l  f o r  t h e  i n v e s t i g a t i o n
o f  t h e  d am age  p r o d u c e d  b y  h i g h  v o l t a g e  i m p l a n t a t i o n ,  a s ,  th e :  d am age  
i s  d i s t r i b u t e d  t h r o u g h o u t  t h e  c r y s t a l .  T h e  m e th o d 'm a y  a l s o  b e  u s e d  
t o  i n v e s t i g a t e  t h e  r e s i d u a l  d am age  a f t e r  a n n e a l i n g  t h e  im p la n t e d  
c r y s t a l s  a t  t e m p e r a t u r e s  a b o v e  2 5 0 °C ,  a t  w h ic h  t h e  g r o s s  dam age  i s  
n o r m a l l y  re m o v e d .
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Gallium arsenide single crystals implanted with tellurium and cadmium ions at 50 and 
150 keV at room temperature were examined using RHEED. Damage depth profiles were 
measured. Annealing was carried out to investigate the effect of temperature on the 
implantation damage. These effects which proved to be very complicated, included 
decomposition of the gallium arsenide, formation of beta gallium oxide and gallium 
teliuride, and preferred orientation of the gallium arsenide. Comparisons were made with 
the annealing behaviour of ball-milled gallium arsenide using X-ray diffraction line 
broadening. The effects of various types of mechanical damage associated with specimen 
polishing of the gallium arsenide single crystals were also investigated.
1. Introduction
The use of ion implantation to produce doping 
in semiconductors was foreseen as far back as 
1954 in a patent filed by W. Shockley [1]. 
Development work has since been carried out in 
a number of academic and industrial centres 
throughout the world. The main interest at 
present is in electronic devices, in which the 
controllability of the production process is 
important. The Science Research Council has 
formed a special panel to help support this 
research at three university centres and, at 
Surrey, work is proceeding into the controlled 
implantation of various ions into gallium 
arsenide, and also the resultant properties of the 
implanted material [2].
One important aspect of the implantation 
process is the damage produced in the single 
gallium arsenide crystals by the implanted ions. 
This damage is mainly confined to the surface 
of the crystals and can greatly affect their 
electrical properties. The crystals are annealed at 
temperatures over 650° C to remove this damage, 
but the effects are complicated by decomposition 
of the gallium arsenide, and possible loss of 
arsenic and oxidation of the gallium. The 
investigation of these effects requires techniques 
which are effective on surfaces. The method 
mostly used at present is Rutherford back- 
scattering. This technique enables a determina-
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tion of the damage depth profile to be made. The 
surface composition and the presence of 
impurities can also be determined. Some use has 
been made of electron microscopy [3 ] and 
electron spectroscopy [4] in the study of the 
surface structure and composition of the ion- 
implanted gallium arsenide crystals.
During the study of ion implantation in 
progress at Surrey, it was felt that a detailed 
knowledge of the damage produced by the 
implantation process was essential. Such factors 
as the extent and nature of the damage, and the 
effect of annealing temperature, were not fully 
known because the Rutherford back-scattering 
technique previously used is essentially spectro­
scopic and can only detect elements, and the 
resolution is only about 200 A. Both X-ray and 
electron diffraction methods can be used to 
study damage but the character of the informa­
tion given by each is different, and an investiga­
tion of the usefulness of both methods was 
undertaken. Neither method gives much in­
formation about point defects, but both give 
information about long-range defects, such as 
dislocations. The X-ray diffraction line-broaden­
ing method seemed best to try first to study 
annealing effects, as the theory and practice of 
the technique are well established. However, 
this method cannot be used to study ion-
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implantation damage because of the excess 
penetration of the X-rays.
It was felt that useful information concerning 
the depth and nature of mechanical damage 
produced by cutting and polishing of the 
gallium arsenide crystals could also be in­
vestigated simultaneously, as the annealing 
procedures for mechanical damage removal 
would be similar to that for ion-implantation 
damage removal.
2. Mechanical damage and thermal 
decomposition in GaAs powders
X-ray line-broadening methods have been 
intensively developed in the study of crystal 
damage. Many theoretical treatments of varying 
complexity have been used in this work, but they 
usually result in the obtaining of two param­
eters, one a measure of the crystal mosaic size, 
and the other a measure of the crystal “strain”, 
or dislocation density. The presence of dis­
locations in ion-implanted gallium arsenide has 
been established by electron microscopy [5], so 
that it seemed worthwhile to study the crystal 
size and strain in gallium arsenide produced by 
mechanical deformation, and the effect on these 
of annealing temperature.
For this purpose, mechanical damage was 
produced by ball-milling gallium arsenide 
powder in a vibratory mill using an agate pot and 
balls. The gallium arsenide powder was milled 
for 40 h. It was then annealed in an evacuated 
tube at temperatures ranging from 200 to 800° C, 
for I h. Chart-recorded X-ray diffraction profiles 
were obtained using a Philips powder diffracto­
meter with Ni-filtered CuKa radiation. A scan­
ning speed of J° min-1 in deviation angle, 20, 
was chosen. Rachinger’s method [6] was used to 
resolve the Kax and Koc2 lines. The integral 
breadth method of Wagner [7] was used to 
measure the microstrains and crystal sizes.
Broadening due to the specimen ft* was 
obtained by subtracting the instrumental 
broadening obtained from large-grained un­
damaged GaAs powder, ft*, from the total 
broadening, ftp*, using the equation:
ft* =  ftr*
[ft*]5
ftr* ( 1)
where f t  =  p  cos 0JX; p  =  integral breadth; 0O 
=  Bragg angle; A =  wavelength of X-rays.
Values of microstrain, e, and crystallite size, 
D , were obtained from the equation:
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( f t *)2 =  j !  +   ^ — 9 • (2)
The plot of (ft*)2 against (rf*)2 =  (2 sin 0O/A)2 
gave the values of crystallite size, D , and micro­
strain, e. rf* =  1/rf; rf =  interplanar spacing of the 
crystal.
The amount of arsenic diffusing out during the 
annealing was estimated by using calibrating 
mixtures of various known weights of arsenic 
and gallium arsenide. The same diffractometer 
procedures used previously were employed to 
scan the profiles using the various As/GaAs 
mixtures. A calibration curve was plotted by 
taking the ratio of the weight of As to GaAs 
against the ratio of corresponding areas of the 
X-ray diffraction profiles. The percentages of 
out-diffusing As at different temperatures were 
then estimated (Table I).
T A B L E  I Dislocation densities and percentage of As 
in GaAs after various heat-treatments 
(X-ray results)
Treatment Dislocation 
densities ( x  1010 
cm~2)
% As
Ball milled 40 h 62.90 None
Annealed 200° C 33.90 None
Annealed 300° C 22.30 2.7
Annealed 400° C 10.00 10.7
Annealed 500° C 1.00 21.1
Annealed 600° C 0.83 None
Annealed 700° C 0.52 None
Annealed 800° C 0.25 None
3. Results of X-ray examination
Decomposition of the GaAs took place at about 
300° C when arsenic was detected, but this 
disappeared at 600° C. No sign of free gallium 
was detected. Above 600°C, the out-diffusing 
arsenic evaporated to the other end of the 
specimen tube, leaving no signs of free arsenic 
in the specimen.
Fig. 1 shows the variation of microstrain and 
crystallite size with temperature. The rate of 
microstrain relief increased with temperature up 
to 400° C with little increase in crystallite size. 
Above 400° C, the microstrain showed little 
change while the crystallite size increased up to 
ten times the original value.
Dislocation densities shown in Table I were 
estimated using the equation [8]:
P =  161 u\62 (3)
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Figure 1 Effect of annealing on microstrains (t) and 
crystallite sizes (D). Annealing time 1 h; •  -  crystallite 
size, O -  microstrain.
wherep = dislocation density; e = microstrain; 
b = Burgers vector (a/2 <1 10)) [9]. Thus this 
part of the work clearly showed the stages of 
strain removal and crystal growth associated with 
different annealing temperatures in mechanically 
damaged gallium arsenide. Information con­
cerning decomposition was also obtained. 
However, it must be assumed that these results 
would be more applicable to the removal of 
mechanical damage due to cutting and polishing 
than to implantation damage. The fact that the 
specimens were in powder form instead of the 
single crystal form usual in implantation should 
be borne in mind.
4. Surface mechanical and implantation  
damage in GaAs single crystals
X-ray diffraction is not a suitable method for 
investigating surface damage in gallium arsenide 
single crystals owing to the great penetration of 
the X-radiation. Therefore, it was decided to use 
reflection high-energy electron diffraction 
(RHEED) for single crystal studies. This was 
carried out in an apparatus built along the lines 
recommended by Kehoe [10]. The conditions of 
working were 35 kV and 15 pA.
4.1. Mechanical damage 
In the first part of this work, mechanical damage 
was introduced into the surface of single 
gallium arsenide crystals by methods likely to
correspond with those used in the preparation of 
crystals for ion-implantation studies. These 
were: abrasion by fine grade energy paper; 
abrasion by diamond wheel cutting; rubbing on 
a polishing pad. The surfaces were examined by 
RHEED. The variation of the damage with 
depth was examined by etching off the damaged 
surface using a 0.1 to 0.2% bromine methanol 
solution. A typical RHEED pattern of mechani­
cally damaged GaAs single crystals is shown in 
Fig. 2. After each etch the specimen surface was 
cleaned using concentrated hydrochloric acid 
and methanol [11]. The average etch rate was 
estimated by etching a partially masked smooth 
crystal surface under the same conditions, and 
estimating the step height formed using a Rank 
Taylor-Hobson Talystep.
The patterns obtained varied from continuous 
rings for highly damaged surfaces, arcs and spots 
for slight damage, and sharp spots after the 
damage was completely etched away. The 
indexing of the patterns was carried out accord­
ing to Cho [12]. The intensities of the 220 rings 
and the 220 spots were estimated using a micro­
densitometer, so that the ratios of the areas under 
the profiles could be estimated. These ratios were 
converted into percentages of polycrystalline 
material present by relating them to RHEED 
patterns obtained from calibration samples of 
single crystals of GaAs with powdered GaAs 
scattered on the surface.
To achieve this calibration, five samples were 
prepared with various amounts of very finely 
powdered gallium arsenide powder, particle size
Figure 2 RHEED pattern of GaAs after abrasion with 
emery paper and removal of a layer 2600 A thick by 
etching.
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about 200 A, spread evenly over a gallium 
arsenide single crystal. A RHEED diffraction 
pattern and a stereoscan picture were taken 
from each sample. The proportion of single 
crystal to polycrystal material in each sample 
was obtained from the stereoscan pictures, by 
estimating the powdered crystal areas of the 
photographs. The ratios of the intensities of the 
220 rings and the 220 spots on the RHEED 
pictures were estimated on a microdensitometer. 
A calibration curve was then drawn. It was not 
intended to obtain absolute values of the per­
centage of polycrystalline material present from 
this calibration, as the diffraction conditions of 
powder spread over the surface of a single crystal 
are different from polycrystalline material formed 
in the single crystals as the result of damage. 
However, relative values of the ratio of single to 
polycrystalline material were obtained for 
varying amounts of deformation, and small 
changes could be detected. The general appear­
ance of the calibration RHEED photographs was 
similar to those obtained by the mechanically 
damaged and the ion-implanted gallium arsenide 
crystals, but the calibration results could be 
expected to be lower than the correct values in 
damaged crystals because of the possibly greater 
shielding effect of the powder on the crystal 
surface as opposed to polycrystalline material 
actually in the surface. In fact, the single 
crystal spots were undetectable with 50% powder 
on the surface, thus indicating a maximum error 
of about two. This error was assumed to be 
uniform, thus giving self-consistent relative 
values.
From the mechanically damaged specimens 
showing arcs on their RHEED patterns, the 
dislocation densities were estimated using the 
method of Sarkar and Towner [13] with their 
equation:
p  «  6/tb
where p =  dislocation density; 9 — angular 
arcing of spots; t =  crystallite size; b =  Burgers 
vector.
4.2. lon-implantation damage 
Cd+ and Te+ ions were implanted into gallium 
arsenide single crystals at room temperature and 
the resultant damage was studied using RHEED. 
The variation of damage with depth in the crystal 
was examined using similar etching methods to 
the mechanical damage procedure. The RHEED 
patterns obtained from the implanted GaAs 
consisted mainly of broad rings and spots.
Annealing experiments to remove the implan­
tation damage were carried out on GaAs 
crystals implanted with Te ions at a density 
of 1.25 x 101'1 ions per cm2, the ion energies being 
50 keV and also 150 keV. The heat-treatment 
was carried out in evacuated tubes in the 
temperature range 150 to 700° C in steps of 50° C. 
The annealing time was 15 min.
The specimens were approximately 4 mm x 4 
mm x 1 mm in size and the quartz tubes were 7 
mm diameter and 10 cm long. They were evac­
uated to a pressure of 10~3 mm mercury. The 
quartz was Thermal Syndicate of 99.9% purity. 
For anneals below 500° C 9 mm diameter Pyrex 
tubes were used, these were from Jobling and Co 
and were 80.6% silica and 12.6% boric oxide. No 
differences in behaviour in the specimens with 
the different annealing tube materials could be 
detected. The specimens were examined by 
RHEED after each anneal.
5. Results of the RHEED examination
Fig. 3 shows the effect of various forms of 
damage on the gallium arsenide single crystals in 
terms of the fragmentation of the single crystals 
into a polycrystalline mosaic structure. The 
depth of such damage is also shown. The dis­
location densities as a function of depth are 
shown in Table II.
T A B L E  II Dislocation densities at various depths in 
damaged GaAs single crystals
Method of Depth (A) Dislocation
damaging densities ( x  1011
cm-2)
Emery paper 1 000 14.99
2 600 9.55
5 000 6.8
9 800 6.48
II 000 3.90
Diamond saw 200 12.99
400 10.827
600 7.73
1 000 5.902
1 200 3.39
1 400 3.03
2 000 3.25
6 800 1.68
10 600 1.62
Fig. 4 shows the effect of ion energy on the 
depth of damage for tellurium ions. The depth 
of damage for cadmium ions is also shown. The 
effect of annealing the tellurium implanted
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Figure 3 Depth of damage in GaAs crystals 
produced by various forms of abrasion.
crystal is shown in Table III. A large number of 
changes occurred in the RHEED patterns 
exhibited by these crystals on annealing, in­
dicating conditions of great complexity. In 
general, the highly damaged GaAs crystals gave 
sharp diffraction rings and spots at 400° C 
and above (Fig. 5). Arsenic diffused onto the 
surface up to about 500° C, after which Ga2Te3 
could be seen. At higher temperatures, arsenic 
reappeared and another compound identified as 
j8-Ga203 also appeared. These identifications 
were made by comparison with the intensities 
and values given in the Powder Diffraction 
File. Although the File is for X-ray results, 
reasonable agreement was obtained with the 
RHEED values in this work (Figs. 6 and 7).
The same annealing process for unimplanted 
perfect GaAs crystals gave no arsenic on an­
nealing until 400° C, at which temperature GaAs 
arcs were observed.
Preferred orientation was shown by some 
crystals annealed at temperatures of 400° C 
and over. Unimplanted gallium arsenide crystals 
gave a preferred orientation about the [110] 
axis, whereas crystals implanted with Te+ at 50 
keV gave orientation about the [100] axis. 
Crystals implanted with Te+ at 150 keV showed 
no preferred orientation on annealing. There 
seems to be a great field for study in this aspect 
of the problem alone.
6. Discussion
Interest in the properties of small and highly 
deformed crystals in such fields as sintering and 
catalysis has resulted in the production of a
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certain amount of information on the behaviour 
of some materials under conditions of heavy 
ball-milling and subsequent annealing. A sum­
mary of some of this information is given in 
Table IV.
It may be seen from this tabulation that 
gallium arsenide, silicon and germanium under 
annealing behave similarly, although silicon does 
require rather a high temperature for crystal 
growth. Values obtained for alumina and 
tungsten carbide are included, and it would 
appear that temperatures for the removal of 
strain and the increase of crystal size on annealing 
relate to the melting point of the material.
Some work has been carried out on pure
Figure 5 Te implanted GaAs, annealed at 400°C. (a) 50 
keV implantation, (b) 150 keV implantation, g =  gallium 
arsenide: g, =  (1 1 1); g2 =  (220); g3 =  (311); g4 =  
(222); g5 =  (400); g6 =  (420); g 7 =  (422). a =  arsenic: 
a! =  (102); a2 =  (014); a3 =  (204).
Figure 6 Te implanted GaAs, annealed at 700°C. a =  
arsenic: a, =  (102); a2 =  (014); a3 =  (105, 006); 
a4 =  (022); a5 =  (204). X =  ]8-Ga20 3: X, =  (1 04, 200); 
X 2 =  (1 1 1, 104, 11 3); X3 =  (106, 006, 21 1); X4 =  
(311, 108); X5 =  (122, 215).
T A B L E  III Unimplanted and T e+ implanted GaAs crystals, after various heat-treatments and examination by 
RHEED
Annealing 
temperatures (°C)
Te+ implanted (50 keV) Te+ implanted (150 keV) Unimplanted single crystal
150-200 Diffuse rings and spots Diffuse rings and spots Spot pattern
250 Diffuse rings and spots Diffuse GaAs rings and spots; Spot pattern
sharp strong As arcs
300-350 Diffuse rings and spots GaAs spot pattern; faint As Spot pattern
rings
400-450 As and GaAs sharp rings As rings, GaAs rings and spot As and GaAs sharp rings
both having preferred pattern (Fig. 5) both having preferred
orientation (Fig. 5) orientation
500 No change from 400°C No change from 400° C Amorphous
550 Ga2Te3 present G a2Te3 present Faint arcs possibly arsenic and
£-Ga20 3
600-700 Arsenic with other compound Arsenic with other compound Arsenic with other compound
probably /3-Ga20 3 probably j8-Ga20 3 probably p-Ga20 3
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Figure 7 Te implanted GaAs, annealed at 550°C. Ga2Te3: 
a =  (220); b =  (31 1); c =  (400); d =  (311, 420); 
e =  (422).
sintered tungsten carbide to measure the depth 
of deformation produced by grinding [14] and 
it is interesting to see that the general micro­
strain distribution with depth corresponds quite 
well with that produced in the gallium arsenide 
crystals in this work. None of these other 
materials were affected by decomposition prob­
lems on annealing as severely as gallium arsenide.
Values of microstrains obtained from ball- 
milling can be interpreted in terms of dislocation 
density, and these results are presented in Table
I. Some values for dislocation density for GaAs 
annealed at 600° C have been obtained by Sealy 
[15] using electron microscopy, and these are 
quite similar to the values obtained in this work 
using X-ray diffraction methods.
The method of estimating dislocation densities 
developed by Sarkar and Towner [13] using arc 
spread in electron diffraction was used in this 
work for surface studies in GaAs single crystals 
to estimate dislocation densities produced by
mechanical working. The results obtained here 
were similar to those of Sarkar and Towner for 
ball-milled alumina, but rather higher (2 to 3 
times higher). This is not surprising as their 
method averaged the deformation throughout 
the body of the particles, they used transmission 
diffraction on small particles, whereas we have 
used reflection diffraction on single crystals, 
which is more responsive to the outer layers of 
the surfaces. These might be expected to be more 
deformed than the inner layers.
In Fig. 4 a comparison is made between the 
damage distribution with depth for gallium 
arsenide crystals bombarded by tellurium ions 
with energy of 50 and 150 keV. It will be seen 
that the damage maximum for the 50 keV ions is 
very close to the surface, whereas for the 150 
keV ions the damage maximum is at a depth of 
about 300 A below the surface. These results are 
in good agreement with the theoretical values of 
projected range statistics in semi-conductors 
predicted by Lindhard et al. [16] for 50 and 150 
keV Te ions in gallium arsenide crystals, where 
the projected range maxima in the range 
distribution curves are given as 173 A for the 50 
keV ions, and 400 A for the 150 keV ions.
The cadmium 150 keV ions show a similar 
damage-depth distribution curve to the tellurium 
150 keV ions. For cadmium ions at 150 keV in 
gallium arsenide crystals, Lindhard et al. predict 
the projected range maximum at 422 A. The 
average level of damage for the cadmium 
ions was rather more than for the tellurium ions, 
although the dose rate was lower. This could be 
due to experimental error, although as it is 
known that the gallium arsenide crystals become 
quite warm under the ion bombardment, the 
higher dose rate will also produce a relatively 
higher temperature and thus a possibility of 
more recrystallization.
T A B L E  IV Annealing characteristics of various materials after ball-milling
Strain
temperature^
Crystal size 
(°C) temperature t (°C)
StrainJ Crystal sizej (A) Melting points
(°C)
Ge [17] 500 500 4 x IO 3 400 958
GaAs 300 400 8 x 10-3 250 1240
Si [17] 650 1100 4 x I O 3 400 1410
A120 3 [18] 800 1100 6.8 x 10-3 300 2024
WC [17] 1100 1300 9 x 10-3 150 2870
♦Temperature to relieve strain to half the maximum value. 
fTemperature to double the crystal size.
JValues attained after heavy ball-milling.
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7. Conclusions
The process of ion implantation initially 
involves the cutting, polishing and etching of the 
gallium arsenide crystals in preparation for the 
implantation. The diffraction results on mechani­
cal damage show that unless the whole process is 
conducted with great care, the possibility of some 
residual damage remaining is quite high. The 
next stage in the implantation process is the 
bombardment of the crystals by the ions selected. 
Judging from the RHEED patterns, and 
comparing these with RHEED and X-ray 
diffraction patterns of mechanically damaged 
crystals, the crystal structure is very severely 
disturbed by the ion bombardment. The spots 
become diffuse, and diffuse arcs also appear, 
indicating that up to half of the single crystal 
material in the surface has become poly­
crystalline.
The final stage in the implantation process is 
the annealing of the implanted crystals to 
temperatures of over 600° C. The changes in the 
crystals occurring here are of great complexity 
and should it prove necessary to obtain a 
detailed knowledge of all these changes, a very 
substantial amount of work will be required. In 
general, the processes occurring on annealing 
could include some or all of the following 
depending on the previous implantation treat­
ment :
(1) removal of microstrains;
(2) crystallite growth;
(3) formation of preferred orientation;
(4) decomposition of the GaAs;
(5) diffusing of arsenic to the surface;
(6) formation of Ga2Te3, /3-Ga20 3 and possibly 
other compounds.
The damage caused by the implantation was 
far closer to the surface for 50 keV implantation 
of Te+ than for the 150 keV implantation. Free 
arsenic was detected at temperatures as low as 
250° C when annealing the 150 keV implanted 
crystals, which may imply that the higher energy 
ions break down the GaAs structure more 
readily than the 50 keV ions. At 400° C the 
decomposition is probably due to thermal 
effects.
The various effects of annealing mentioned 
above depend greatly on the previous damage 
given to the crystal structure. Many of these 
effects modify the electrical properties of the 
implanted crystals. It thus seems that ion 
implantation and subsequent annealing of GaAs 
crystals can produce complicated changes in
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structure and electrical properties. This work, 
therefore, indicates the great importance of close 
quality control in the production of ion- 
implanted crystals, and also shows that RHEED 
could play a very important role in such control. 
The surfaces of the implanted materials in­
vestigated here were unprotected. Some of the 
undesirable effects due to annealing could be 
prevented under proper encapsulation con­
ditions, and much work is also required here to 
find the best conditions and methods for 
encapsulation.
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Twinning in Annealed Tellurium-Implanted
G a l l i u m  A r s e n i d e  C r y s t a l s
T .  Tun icas i r i  a n d  D . L e w is  
D e p a r tm e n t  o f  C h e m ic a l  P h y s i c s ,  U n i v e r s i t y  o f  S u r r e y
IN TR O D UC TIO N
A  c o n s i d e r a b l e  am oun t o f  d e v e lo p m e n t  w o r k  i s  a t  p r e s e n t  i n  p r o g r e s s  
o n  t h e  u s e  o f - i o n  i m p l a n t a t i o n  t o  p r o d u c e  d o p in g  i n  s e m ic o n d u c t o r s .  A  
v e i y  im p o r t a n t  a s p e c t  o f  t h e  i m p l a n t a t i o n  p r o c e s s  i s  d am age  p r o d u c e d  i n  
t h e  s e m ic o n d u c t o r  c r y s t a l s  b y  t h e  im p la n t e d  i o n s .  T h i s  d am age  c a n  
g r e a t l y  a f f e c t  t h e  e l e c t r i c a l  p r o p e r t i e s  o f  t h e  c r y s t a l s ,  a n d  th e  
c r y s t a l s  a r e  a n n e a l e d  t o  r e s t o r e  th e .  c r y s t a l  p e r f e c t i o n .  A s  t h e  d am age  
i s  m a i n ly  c o n f i n e d  t o  t h e  s u r f a c e  o f  t h e  c r y s t a l ,  t h e  t e c h n i q u e s  u s e d  i n  
t h e  i n v e s t i g a t i o n  o f  t h e  d e g r e e  o f  c r y s t a l  p e r f e c t i o n  s h o u l d  b e  s e n s i ­
t i v e  t o  s u r f a c e  e f f e c t s ,  a n d  R u t h e r f o r d  b a c k  s c a t t e r i n g  h a s  b e e n  m a in ly  
u s e d  u p  t o  n o w . T h i s  m e t h o d ,  a l t h o u g h  g e n e r a l l y  e x c e l l e n t ,  h a s  th e  d i s ­
a d v a n t a g e  o f  b e i n g  e s s e n t i a l l y  a  s p e c t r o s c o p i c  m e th o d ,  a n d  a l s o  t h e
o
d e p t h  r e s o l u t i o n  i s  o n l y  a b o u t  200 A .  . R e c e n t l y ,  r e f l e c t i o n  high energy
e l e c t r o n  d i f f r a c t i o n  (RH EED ) h a s  b e e n  sh o w n  t o  b e  v e r y  u s e f u l  f o r  s u r f a c e
( 1 )
dam age  i n v e s t i g a t i o n s  i n  t e l l u r i u m - i m p l a n t e d  g a l l i u m  a r s e n i d e  c r y s t a l s v
a n d ,  b e c a u s e  t h e  p e n e t r a t i o n  o f  t h e  e l e c t r o n  b eam  i s  o n l y  a  f e w  t e n s  o f
A n g s t r o m  U n i t s , i n v e s t i g a t i o n  o f  t h e  d e t a i l s  o f  d am age  i n  d e p t h  h a s  b e e n
sh o w n  t o  b e  p o s s i b l e  u s i n g  s u i t a b l e  e t c h i n g  t e c h n iq u e s  c a p a b l e  o f
o
r e m o v in g  u n i f o r m  c r y s t a l  l a y e r s  o f  a b o u t  50 A .
EXPERIMENTAL
I n  t h i s  n o t e ,  w o r k  i s  d e s c r i b e d  i n  w h ic h  RHEED t e c h n iq u e s  h a v e  b e e n  
u s e d  t o  i n v e s t i g a t e  g a l l i u m  a r s e n i d e  c r y s t a l s  im p la n t e d  w i t h  t e l l u r i u m  
i o n s  a t  room  t e m p e r a t u r e  a n d  a t  1 8 0 °C .  H i e  d o s e s  w e r e  2 x 1 0 14 io n s / c m 2 , 
a n d  H ie  e n e r g y  150  K eV . T h e  s p e c im e n s  w e r e  a n n e a l e d  i n  e v a c u a t e d  p y r e x
3 O
t u b e s  (1 0  t o r r ) .  H ie  a n n e a l i n g  t e m p e r a t u r e s  r a n g e d  f r o m  250 C t o
5 0 0 °C i n  s t e p s  o f  5 0 ° C ; ,  t h e  a n n e a l i n g  t im e s  .w e r e  15  m in u t e s .  H ie
s p e c im e n s  w e r e  e t c h e d  w i t h  0 .1%  b r o m in e  i n  m e t h a n o l , a n d  c l e a n e d  u s i n g
c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d  a n d  m e t h a n o l ,  a f t e r  t h e  m e th o d  o f  A dam s  
(?S)
a n d  P r u n ia u c H  . H i e  t h i c k n e s s  o f  t h e  e t c h e d  l a y e r s  w a s  m e a s u r e d  u s i n g  
a  R an k  T a y l o r -H o b s o n  T a l y s t e p . .
RESULTS •
F o r  th e . G aA s c r y s t a l s  im p la n t e d  a t  ro o m  t e m p e r a t u r e ,  t h e  RHEED  
p a t t e r n s ,  o b t a i n e d  f r o m  t h e  o r i g i n a l  GaAs c r y s t a l  s u r f a c e s ,  s h o w e d  t h a t  
t h e  s u r f a c e  l a y e r s  w e r e  s t i l l  am o rp h o u s  a f t e r  a n n e a l i n g  i n  t h e  t e m p e r ­
a t u r e  r a n g e  2 5 0 ° C 't o  3 5 0 °C .  F u r t h e r  a n n e a l i n g  a t  4 0 0 °C  a n d  5 C 0 °C  
p r o d u c e d  r e c r y s t a l l i s a t i o n ,  a n d  t h e  RHEED p a t t e r n s  sh o w ed , p o l y c r y s t a l ­
l i n e  G aA s a n d  a r s e n i c  r i n g s .
o
A f t e r  e t c h i n g  o f f  a b o u t  1 0 0  A  o f  m a t e r i a l  f r o m  c r y s t a l s  a n n e a l e d
a t  5 0 0 °C ,  t h e  n ew  s u r f a c e  g a v e  RHEED p a t t e r n s  d u e  t o  t w in n e d  G aA s ( F i g .
\
1 ) .  T h e  t w i n  p a t t e r n s  w e r e  i n t e r p r e t e d  u s i n g  m e th o d s  s u g g e s t e d  b y  
A n d re w s  e t  a l . ^ .  T h e  p a t t e r n s  w e r e  a l l  sh o w n  t o  b e  c a u s e d  b y  t w in s  
o n  { i l l }  p l a n e s ,  t h u s  r e s e m b l i n g  t h e  a n n e a l i n g  t w in s  com m on ly  f o u n d  i n  
f a c e - c e n t r e d  c u b i c  m e t a ls  a f t e r  c o l d - w o r k i n g  a n d  a n n e a l i n g .  U p o n
f u r t h e r  s u r f a c e  e t c h i n g ,  t h e  RHEED p a t t e r n s  s h o w e d  t h a t  t w i n n i n g  w a s  
m o s t  p r o n o u n c e d  a f t e r  a  r e m o v a l  o f  2 5 0 -3 0 0  X . A f t e r  800  X  w a s  e t c h e d  
o f f ,  M E E D  g a v e  o n l y  G aA s s i n g l e  c r y s t a l  p a t t e r n s .  ( F i g .  2 ) .
o
T h e  c r y s t a l s  im p la n t e d  w i t h  t e l l u r i u m  i o n s  a t  1 8 0  C w e r e  a l s o  
e x a m in e d  u s i n g  RHEED. H i e . s p o t t y  p a t t e r n s  s h a v e d  t h a t  t h e  g a l l i u m  
a r s e n i d e  h a d . p a r t i a l l y  r e c r y s t a l l i s e d .  A n n e a l i n g  o f  H ie  s p e c im e n s  a t  
t e m p e r a t u r e s  o f  2 S 0 °C ,  3 0 0 °C  a n d  3 5 0 °C  p r o d u c e d  l i t t l e . c h a n g e  i n  t h e  
• p a t t e r n s .  A n n e a l i n g  a t  t e m p e r a t u r e s  o f  4 0 0 °C ,  4 5 0 °C  a n d  5 0 0 °C  p r o d u c e d  
p o l y c r y s t a l l i n e  r i n g s  o f  g a l l i u m  a r s e n i d e  a n d  a r s e n i c ,  r e s e m b l i n g  t h e  
s p e c im e n s  im p la n t e d  a t  ro o m  t e m p e r a t u r e .  H ie  h o t - i m p l a n t e d  s a m p le  
a n n e a l e d  a t  5 0 0 °C w a s  e t c h e d  t o  d e p t h s  o f  50 X  a n d  10 0  X  a n d  s h o w e d  
p e r f e c t  s i n g l e  c r y s t a l  p a t t e r n s .  T h u s  h o t  i o n  i m p l a n t a t i o n  re m o v e s  t h e  
t e n d e n c y  t o  fo rm  t w in s  o n  a n n e a l i n g .
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• T w in n in g ,  o r  s t a c k i n g  f a u l t s ,  i n  g a l l i u m  a r s e n i d e  h a s  b e e n  o b s e r v e d -  
p r e v i o u s  l y  b y  S e a l y ^  a n d  b y  C h o ^  . S e a l y  u s e d  t e l l u r i u m  im p la n t e d  
g a l l i u m  a r s e n i d e ,  b u t  d i d  n o t  o b t a i n  s h a r p  t w i n  p a t t e r n s  u s i n g  e l e c t r o n  
m ic r o s c o p y  a n d  s e l e c t e d  a r e a  d i f f r a c t i o n .  Cho o b s e r v e d  { i l l }  t w in s  
u s i n g  M E E D  i n  m o l e c u l a r  b eam  d e p o s i t s  o f  p u r e  g a l l i u m  a r s e n i d e .  I n
t h e  p r e s e n t  w o r k  i t  h a s  b e e n  sh o w n  t h a t ,  a f t e r  a n n e a l i n g ,  t w in s  a r e
o  . . .
fo r m e d  a t  a  d e p t h  o f  2 5 0 -3 0 0  A  i n  g a l l i u m  a r s e n i d e  im p la n t e d  w i t i i
t e l l u r i u m  io n s  a t  a n  e n e r g y  o f  I S O -K e V .  H i i s  i s  a l s o  t h e  d e p t h  o f
t h e  p r o j e c t e d  r a n g e  o f  t h e  t e l l u r i u m  io n s  a s  c a l c u l a t e d  b y  L i n d h a r d ,
S c h a r f f  a n d  S c h i o t t f 5  ^ . T h u s ,  t h e  p r o c e s s  o f  t w in  f o r m a t i o n  r e s e m b le s
t h a t  o f  t h e  s t r a i n - a n n e a l  p r o c e s s  f o r  c r y s t a l  g r o w t h  i n  m e t a l s , w h e r e
~ 4 -
f 7 )
i t  h a s  b e e n  kn ow n  f o r  m any y e a r s ^  J t h a t  a  c r i t i c a l  am o u n t o f  d e fo r m ­
a t i o n  f o l l o w e d  b y  s u i t a b l e  a n n e a l i n g  w i l l  p r o d u c e  t h e  g r o w t h  o f  l a r g e  . 
c r y s t a l s .
H ie  p r e s e n c e  o f  a n n e a l i n g  t w in s  i n  i o n - i m p l a n t e d  g a l l i u m  a r s e n i d e  
c o u l d  p r o d u c e  p r o b le m s  i n  t h e  p r o d u c t i o n  o f  d o p e d  p e r f e c t  s i n g l e  
c r y s t a l s .  A n n e a l i n g  t w in s  i n  m e t a ls  a r e  k n ow n  t o  b e  v e r y  s t a b l e  a n d  
d i f f i c u l t  t o  re m o v e  b y  f u r t h e r  a n n e a l i n g .  I n  a lu m in iu m , t h e  r a t i o  o f  
• th e  t w i n  b a n d  w i d t h  t o  H ie  g r a i n  d ia m e t e r  se em s  t o  r e m a in  c o n s t a n t  
d u r i n g  f u r t h e r  g r a i n  g r o w t h ,  s o  t h a t  d u r i n g  a n n e a l i n g ,  t h e  n u m b e r  o f  
t w in s  p r e s e n t  d r o p s  r a p i d l y  i n  t h e  e a r l y  s t a g e s  o f  g r a i n  g r o w t h , b u t
(O')
t h e n  s t a y s ' a t  a n  a p p r o x im a t e ly  c o n s t a n t  v a l u e  d u r i n g  f u r t h e r  a n n e a l i n g ^
. . H o t  i m p l a n t a t i o n  s e em s  t o  re m o v e  t h e  t e n d e n c y  o f  t h e  im p la n t e d  a n d  
a n n e a l e d  g a l l i u m  a r s e n i d e  c r y s t a l s  t o  fo rm  t w i n s .  P r e s u m a b ly  t h i s  
o c c u r s  b e c a u s e  t h e  t e m p e r a t u r e  o f  t h e  h o t  i m p l a n t a t i o n ,  1 8 0 °C ,  i s  
s u f f i c i e n t l y  h i g h  t o  a n n e a l  o u t  t h e  s t r a i n  c e n t r e s  r e q u i r e d  f o r  t h e  
s t r a i n - a n n e a l  c r y s t a l  g r o w t h  p r o c e s s .
H i e  a u t h o r s  w i s h  t o  th a n k  D r .  B .  J .  S e a l y  f o r  s u p p l y i n g  t h e  
im p la n t e d  s p e c im e n s ,  a n d  M r .  E .  J .  W h e e l e r  f o r  h i s  h e l p f u l  co m m en ts .
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